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ABSTRACT
This study will present the theoretical formulation and numerical investigation of 
laterally loaded piles embedded in soft clay below the water table with random design 
variables. For the given statistical data on design parameters, it will determine the 
assessment o f statistical performance o f laterally loaded piles. The pile behavior depends
on: the soil-pile material parameters (El, b, £50, c, y ), which are considered as the random
variables; type o f load (force, bending moment); magnitude o f load (nonlinear behavior); 
type of constraints (free head or fixed head) and type o f structural system (single isolated 
pile or pile group). For single piles, the pile structure is considered as one-dimensional 
beam and the supporting soft clay is defined by means o f p-y relationship. For groups of 
piles, the pile members are considered as one-dimensional beams and the pile cap is 
considered as a plate. The behavior o f a pile-soil system in the pile group is simulated 
also by means o f p-y relationship, which is modified by the fm factor that is dependent on 
the spacing of the piles and the locations o f the piles in the groups. The postulate is that 
the statistical performance o f the system depends on the statistical values o f parameters o f 
the system. The statistical parameters o f the system (random design variables) are
arranged in the vector o f random variables, that is, r  = {El, b, £50, c, y}. It is also
postulated that the components o f r, i.e. the random design variables are independent. The 
performance o f the system is developed when the system is subjected to a load, P. Thus 
the system is defined in a mechanical fashion. This means that it satisfy the equation; 
[K(r)J {y} = {P}. The changes in the performance o f the system can be observed when the 
pile-soil interaction system is subjected to unchangeable load. Thus the changes in the 
performance o f the system are caused by the changes o f the parameters o f the system that
iii
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are of random type. The FB-Pier (for single pile / pile groups) and Matlab (for statistical 
analysis) are used to conduct the numerical investigations o f the pile-soil interaction 
system. It is observed that the influential design variable regarding the performance o f 
system is the cohesion o f soil (undrained shear strength, c) among the five design 
variables. However, it is clear that the uncertainty due to the extreme environmental 
parameters, in particular lateral force, is dominating, whereas the uncertainties in the soil 
parameters play a very small role in determining the reliability o f the system.
iv
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CHAPTER 1 INTRODUCTION
1.1 General
Engineers often encounter circumstances where they have to design deep foundation, 
such as piles, drilled shafts and caissons. Examples include the following:
• The upper soils are so weak and/or the structural loads so high that spread 
footings would be too large.
• The upper soils are subject to scour or undermining. This would be especially 
o f concern with midstream foundation for bridges.
• A large uplift capacity is required.
Those circumstances mentioned above mainly consider axial load. However, many 




• Earth pressures on the back o f retaining walls.
• Ocean wave forces on offshore structures.
• River current forces on bridge pier.
If the loading is purely axial, the design of a pile can frequently be accomplished by 
solving the equations o f static equilibrium. On the other hand, the design o f a pile under 
lateral loading requires the solution o f a nonlinear differential equation. The solution is 
possible if  nonlinear relationships o f soils, represented by p-y curves are employed that 
give soil resistance as a function o f pile deflection, point by point, along the length o f a 
pile. Iteration must be employed because the soil response is a nonlinear function o f pile
1
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deflection and of position along the length o f the pile. The iteration by finite difference 
method leads to compatibility between pile deflection and soil resistance, whereas the 
iteration by finite element method leads to not only compatibility between pile deflection 
and soil resistance but also condition o f equilibrium.
The offshore industry embarked on a program of full-scale testing o f fully 
instrumented piles in the 1950s. Since then, there have been a lot o f field experiments to 
formulate equations for p-y curves. Lateral load tests were performed on piles that were 
instrumented for the measurement of bending moment in the pile as a function o f depth. 
Differentiation and integration o f those curves yielded experimental p-y curves. 
Correlations were then developed between these experimental curves and the 
characteristics o f the soil. The characteristics o f soil, as well as the stiffness o f pile have a 
pronounced effect o f such performances o f pile as top lateral deflection, yx, and maximum 
bending moment, Mmax. Those design parameters (variables) are as following:
• The bending stiffness o f piles, El
• The diameter o f piles, b
• Strain corresponding to 50% of maximum principal strain difference, £50
• The cohesion o f soil, c
• The unit weight o f the soil, y
However, there are a lot o f uncertainties regarding soil properties and pile properties, 
which have a huge effect on the analysis, such as:
• Variation in pile properties that affect the pile stiffness occur due to 
construction practices which deviate from the design, and the variations are 
unknown.
• The method o f installation of the pile will alter the stress state in the 
surrounding soil and thus alter the soil strength.
• Laboratory tests may not reflect the in-situ properties as a result o f disturbance 
o f the soil samples tested.
2
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• Soils are not homogeneous and variation in strength will occur both 
horizontally and with depth.
•  Time related effects, such as creep or consolidation may occur, but these are 
not accounted for.
The factors listed above are possible deviations o f field conditions from the idealized 
conditions assumed for purpose o f analysis. Therefore, they should be borne in mind 
when using theoretical results o f any kind as a basis for estimating probable field 
behavior.
1.2 Statement of the Problem
As noted earlier, the uncertain performance of deep foundations is affected by many 
factors such as spatial variation of soil properties, limited soil exploration programs, 
uncertainties in the parameters determined by various testing methods and analyses, 
limited calculation models as well as uncertainties in loads.
The physical parameters o f pile-soil system are important since they provide the 
rational basis for safe performance and operations the system is designed for. The 
structural mechanics deals with a works invented by human ingenuity, whereas 
geotechnics copes with a world designed by nature. Every site is considered as unique in 
terms o f subsurface conditions that vary spatially within a site. The variability o f 
subsurface conditions within and between sites leads to uncertainty in the information 
needed in geotechnical design. These uncertainties have traditionally been accounted for 
through a variety o f conservative design practices: extreme loading conditions are used; 
soil properties are conservatively selected; deterministic safety factors are applied to the 
design; and design is often based on failure o f the most heavily loaded pile in the 
foundation, not failure o f the entire pile system.
However, it is commonly accepted that there is a need to account, even if  only 
approximately, for the uncertainty in the parameters that affect the performance o f the pile 
system. The uncertainties are represented by Coefficients of Variation (COV). They are
3
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o f great importance in reliability analysis. Consequently, the COV o f different type o f 
parameters contribute to overall performance of the pile-soil system. A probabilistic 
analysis gives therefore more insight into significant components o f an investigated 
problem than parametric analysis. Moreover, the probabilistic assessments are valuable 
complements to deterministic analysis.
1.3 Objectives
The objectives o f this study are the following:
• To assess the probabilistic performance o f long piles embedded in soft clay 
below water table, subjected to lateral cyclic loading o f quasi static type.
• To determine how the various sources o f uncertainty affect the reliability of 
the design.
• To help to direct future research efforts for reducing major uncertainties 
affecting pile performances.
• To facilitate the development o f design procedures that maintain a consistent 
level o f safety between different site conditions, alternative pile configurations 
and structural and foundation subsystems.
• To determine which design parameter is dominant regarding the reliability of 
the system.
1.4 Methodology
The pile-soil system characteristics such as bending stiffness, El, and physical 
parameters o f a nonlinear p-y soil model adjacent to the pile are considered as the 
independent variates. The performance o f laterally loaded pile-soil system is described by 
its maximum deflection located at the pile head and maximum bending moment located at 
upper part o f pile. The nonlinearity o f p-y soil is used to assess the effect o f uncertainties 
o f material parameters o f the investigated system on a probabilistic performance o f the
4
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system. The nonlinearity o f the performance o f laterally loaded p-y pile is evaluated by 
means o f the analysis o f force vs. maximum defection and force vs. maximum bending 
moment conducted for the discrete values of the applied load. The p-y soil model 
employed in the studies has possibility to develop at an arbitrary point within the soil 
medium various physical phases. They include the nonlinear elastic stage followed by the 
softening and plastic flow. The lateral load applied to the long pile-soil system induces 
the most advanced soil phases at its surface, whereas proceeding with depth the less and 
less lateral deformations are encountered. The pile-soil system is described in the 
framework o f probability theory by means o f COV’s and mean values o f all physical 
parameters contributing to the behavior o f the pile-soil system. The random physical 
parameters are arranged in a vector o f random variables. It is accompanied by the vector 
o f mean values and covariance matrix o f material variates. The performance o f the 
pile-soil system is related to the material variates by means o f a function. This means that 
maximum lateral defection and maximum bending moment are a random function of 
vector o f random variables. The probabilistic assessment o f the performance o f the 
pile-(p-y) soil system is characterized by means o f the expected value and covariance 
matrix o f maximum lateral deflection and maximum bending moment for each lateral 
force o f discrete variability. It is postulated that the applied lateral load of discrete 
variability is o f deterministic type. The generalized vector of probabilistic performance of 
pile-soil system requires determination o f the mean values o f maximum generalized 
defection, moment and their variances being the functions o f probabilistic characteristics 
o f variate vector o f material properties. The probability investigations are conducted in 
the scope of first order second moment method (FOSM). The basic elements o f FOSM 
method are: sensitivity matrix o f maximum deflection and moment due to the changes o f 
material variates o f the system assessed with respect to their mean values and the vector 
o f uncertainties o f material parameters that occur in the vicinity o f their mean values. The 
briefly outlined theoretical approach is employed in the numerical analysis o f piles
5
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embedded in soft p-y clay below water table, subjected to variable forces o f deterministic 
type of discrete variability.
In summary, the analysis is performed through the following steps:
1. Determining soil type and soil properties, pile properties, constraint types, 
load types, allowable moment and deflections.
2. Calculating the relative stiftness factor, T, o f the piles.
3. Analyzing single piles and pile groups using FB-Piers Version 3. The 
discrete values of design variables, COV(design variables), change from 
2% to 40%.
4. Investigating the curves o f the maximum deflection, yTj and maximum 
moment, Mmax, vs. design variables.
5. Determining the variances, Var(yx) and Var(Mrnax), using first order second 
moment method (FOSM).
6 . Investigating COV(yT) vs. COV(variables) and COV(Mmax) vs. 
COV(variables) for the single piles and pile groups.
7. Investigating reliability index for the single piles and pile groups.
8 . Analyzing and comparing the results and interpreting them in graphical 
form.
1.5 Layout of Thesis
Chapter 2 contains a review o f literature relevant to the topic o f this thesis. This 
chapter describes the analysis o f laterally loaded pile and research associated with the 
probabilistic and reliability analysis o f laterally loaded pile
Chapter 3 presents the theoretical formulation o f p-y curve o f soft clay under water 
table subjected to cyclic loading and the effect o f pile group. Also, first order second 
moment method (FOSM) is described.
Chapter 4 shows the numerical investigation o f piles with random design variables
6
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using FB-Piers Version 3. The relative stiffness factor, T, is described.
In Chapter 5, the result o f the analysis is discussed.
Chapter 6  presents the conclusion obtained from this work and recommendation for 
future research.
7
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CHAPTER 2 LITERATURE REVIEW
2.1 Analysis of Laterally Loaded Piles 
2.1.1 General
Many researchers have investigated the laterally loaded pile behavior. The ultimate 
resistance o f piles and the deflection to a lateral loading are complex due to the 
interactions between the pile and the surrounding soil. The types o f design or analysis can 
be categorized into several approaches depending on how piles and soils are modeled.
2.1.2 Elastic pile and elastic soil subgrade modulus method
The subgrade modulus method is based on assumptions introduced by E. Winkler 
in 1867, namely that:
• The reaction forces exerted on a beam resting on an elastic foundation are 
proportional at every point to the deflection o f the beam at that point.
• The elastic foundation deforms only in the area beneath the loaded beam.
The first o f the assumption leads to the definition o f the subgrade modulus as:
(2 . 1) k, =
y
ks = subgrade (soil) modulus (force/length2) 
p = soil reaction (force/length) 
y = deflection o f the beam (length)
8
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Using a subgrade modulus, as defined by equation (2.1), the basic beam equation for 
a laterally loaded pile is expressed as:
d 4y
(2.2) E I - 4  + k sy = 0 
dx
If the value o f ks is assumed to be constant with depth, simple closed form solution is 
available for equation (2. 2) (Hetenyi 1946). Poulos and Davis (1980) present tables of 
non-dimensional coefficients for the determination o f deflection, slope, moment and shear 
for free head, fixed head and moment where ks is assumed constant with depth.
The subgrade modulus concept treats the soil as a series o f springs and does not 
account for its continuity. Several authors have investigated the use o f a pile modeled by 
an elastic line. In the elastic continuum procedures soils are modeled as continuum and 
soil modulus are homogeneous, isotropic or increasing linearly with depth. The elastic 
continuum procedures have the important advantage over the subgrade modulus method 
of enabling analysis to be made o f group action o f piles under lateral loads. However, 
they provide somewhat uncertain results and are somewhat difficult to apply in many 
practical cases, especially in layered soils.
2.1.3 Elastic pile and finite elements for soil
This method is the same as the previous case, elastic continuum procedures except 
that the soil has been modeled by finite elements. The element may be selected as linear 
or nonlinear. The elements can be fully three-dimensional and nonlinear as well as 
nonlinear geometry can be employed. However, very complicated constitutive equations 
and interface modeling, such as the tensile stress, modeling layered soil, accounting for 
the separation between pile and soil during repeated loading, the collapse o f sand against 
the back o f a pile, accounting the changes o f the soil characteristic associated with 
different type o f loading lead to no satisfactory solution.
9
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Yegian and Wright (1973) and Thompson (1977) did studies using two-dimensional 
finite elements. Kooijman (1989) and Brown et al. (1989) used three-dimensional 
nonlinear finite elements to develop p-y curves.
2.1.4 Rigid pile and plastic soil
The methods o f analysis described previously involve the stresses and deflections in 
soil-pile systems prior to failure. From this, acceptable deflection (or stress) at working 
loads can be determined. However, another criterion that must be considered is the 
provision o f an adequate safety factor against ultimate failure o f the ground around the 
pile. Broms (1964a, b, 1965) employed the rigid pile and plastic soil model to derive 
equations for predicting the loading that develops the ultimate bending moment. The pile 
is assumed to be rigid, and a solution is found by use o f the equations o f statics for the 
distribution o f ultimate resistance o f the soil that puts the pile in equilibrium.
The engineer can use the Broms theory at the beginning o f a design if  the pile has 
constant dimensions and uniform soil characteristics can be reasonably considered.
2.1.5 Characteristic load method
Duncan et al. (1994) presented the characteristic-load method (CLM), based on the 
earlier work o f Evans & Duncan (1982). A series o f solutions were made with nonlinear 
p-y curves for soils and pile head conditions. The results were analyzed with the view of 
obtaining simple equations that could be used for rapid prediction o f the response o f piles 
under lateral loading. It can be used to check computer output from more sophisticated 
analysis.
2.1.6 Nonlinear pile and p-y model for soil
In the late 1940s and 1950s when energy companies built offshore structures that 
were designed to sustain relatively large horizontal loads from waves, the model shown in 
Figure 2.1, which considers the response o f the soil as a function o f the lateral deflection
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of pile, y, was developed. Since then, full scale testing and the digital computer allowed 
the development o f this method. Essentially, the method allows for a nonlinear 
characterization o f a modulus o f subgrade reaction that is used in the solution of equation 
(2. 1). Nonlinear soil behavior is described in terms o f soil reaction, p, versus deflection 
o f pile, y, curves, based on analyses o f field load tests and laboratory tests.
Matlock and his associates devised an accurate method o f measuring the bending 
moments and formal procedures for interpreting the data (Matlock & Ripperger 1956). 
Two integrations o f the bending-moment data yielded accurate values o f deflection but 
special techniques were required for the two differentiations to yield adequate values o f 
soil resistance. The result was the first set o f comprehensive recommendations for 






Figure 2.1 Model for a pile under lateral loading with p-y curves (Reese and Van 
Impe (2001))
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The soil around the pile is replaced by a set o f mechanisms that indicate that the soil 
resistance, p, is a nonlinear function o f pile deflection, y. The mechanisms, and the 
corresponding curves that represent their behavior, are widely spaced in the sketch but are 
considered to be vary continuously with depth. As may be seen, the p-y curves are fully 
variable with respect to distance x along the pile and pile deflection y.
The p-y method is versatile and provides a practical means for design. The method 
was suggested over forty years ago (McClelland and Focht 1958, Reese and Matlock 
1956). Two developments during the 1950s made the method possible: the digital 
computer for solving the problem of the nonlinear, fourth-order differential equation for 
the beam-column; and the remote-reading strain gauge for use in obtaining soil-response 
(p-y) curves from experiment.
The researchers who worked in the petroleum industry, in which area the 
exceptionally large lateral forces from waves and wind are required to be restricted, 
contributed to further development o f this method. The American Petroleum Institute 
(1987) developed rules and suggestions to design this kind o f structures using p-y curve 
method.
A special advantage o f this method is that it enables us to introduce specific p-y 
relationships according to the on site test results o f the soil. This is very important when 
new types o f soils are subjected to study or more precise results are required for special 
projects.
2.1.7 p-multipliers method for lateral loaded pile group effects
Piles are most often used in groups. The models that are used for the group of piles 
must address two problems: the efficiency o f closely-spaced piles under lateral loading; 
and the distribution o f the loading to each o f the piles in the group, a problem in 
mechanics.
If one can assume that the procedures are accurate for analyzing a single pile under
12
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lateral loading, the problem o f the distribution o f the loading to each o f the piles in a 
group can be solved exactly. A global coordinates system is established for the loadings 
on the structure and for identifying the positions o f each o f the pile heads and their angle 
o f rake. Then, a local coordinate system is utilized for each o f the piles, with axial and 
lateral coordinates. Each o f the piles is replaced by nonlinear mechanisms that give the 
resistance to axial movement, lateral movement, and rotation as a function o f pile-head 
movement. With theses movements, the lateral and vertical movement and the rotation 
can be found at each pile head. The forces generated at the pile heads serve to put the 
structure into equilibrium. Because o f nonlinearity, iteration is required to find the unique 
movements o f the global coordinate system.
In contrast, the efficiency of a particular pile is defined as the ratio o f the load that it 
can sustain in close spacing to the load that could have been sustained if  the pile had been 
isolated. Because o f the variability o f soil and the complex nature o f constitutive models, 
theoretical solutions are currently unavailable for computing the efficiency o f a particular 
pile. Methods for finding the efficiency, both under lateral and axial loading, are based on 
the results o f experiments, most o f which are from the laboratory. Piles in closely spaced 
groups behave differently than single isolated piles when loaded laterally because o f 
pile-soil-pile interactions that take place in the group. Deflections and bending moments 
o f piles in closely spaced groups are greater than deflections and bending moments of 
single piles at the same load per pile, because o f these interaction effects. Based on the 
results o f experimental studies, design charts are presented for estimating p-multipliers as 
functions o f pile group arrangement and pile spacing.
The approach for analyzing the behavior o f a pile in a group is similar to the 
approach used for analysis o f a single pile, except that the p-values are reduced using a 
p-multiplier to account for the reduced resistance due to the interaction between piles. 
The piles and pile cap then can be analyzed as a whole to calculate the deflections and 
forces. The computer programs, which are based on the p-multipliers method, are also
13
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readily available in recent years and are in continuous development to incorporate broader 
spectrum o f variables, such as dynamic effects, that affect the behavior o f laterally loaded 
pile groups. The p-multipliers method is also used to carry out the reliability analysis o f 
pile groups in this research.
Brown et al. (1988) firstly proposed the p-multiplier concept. The p-y curves of 
single pile are modified to account for the influence of the interaction between the 
different piles in the group. As shown in Figure 2. 2, the p-multiplier fm is the reduction 
factor o f soil resistance p for the same deflection o f y. The p-y curve is compressed in the 
direction o f p, so that the soil resistance, p, o f piles in-group will be smaller than the soil 
resistance o f single piles.
P
p-y curve for single pile 
p-y curve for pile in group
P single
y
Figure 2. 2 The concept of p-multiplier (fm) (Brown et al. 1988)
The values o f p-multiplier proposed by Brown et al. (1988) are the result o f an 
isolated pile embedded in dense sand subjected to cyclic loading and a full-scale test for 
pile group. Brown and Shie (1991) also presented the p-multipliers from the result o f 3-D 
finite element analysis.
Mokwa and Duncan (2001a) carried full-scale field tests to study the lateral 
resistance provided by the pile cap and concluded that the pile cap, in some circumstances,
14
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constitute a substantial percentage o f the total lateral resistance of the group.
Cox et al. (1984), Brown and Reese (1985), Morrison and Reese (1986), McVay et al. 
(1995), Ruesta and Townsend (1997), McVay et al. (1998) and Rollins et al. (1998) 
suggested different values for the p-multiplier, fm, based on the centrifuge or full-scale 
tests in different type o f soils.
Through combining the research work that had been done before, Mokwa and 
Duncan (2001b) proposed a way to construct the value o f p-multiplier, fm, for all kinds of 
soil. They collected and reviewed over 350 journal articles and other publications 
pertaining to lateral resistance, testing, and analysis o f pile caps, piles and pile groups. 
The results from these tests were assimilated into tables and charts, from which the trends 
and similarities can be observed.
Ilyas et al. (2004) proposed a centrifuge model study o f laterally loaded pile groups 
in clay. A series o f centrifuge model tests has been conducted in their research to examine 
the behavior o f laterally loaded pile groups in normally consolidated and over 
consolidated kaolin clay. The pile groups have a symmetrical plan layout consisting o f 2, 
2x2, 2x3, 3x3 and 4x4 piles with a center-to-center spacing o f three or five times the pile 
width. The piles are connected by a solid aluminum pile cap placed just above the ground 
level. It is established that the pile group efficiency reduces significantly with increasing 
number o f piles in a group. The tests also reveal the shadowing effect phenomenon in 
which the front piles experience larger load and bending moment than that o f the trailing 
piles. The shadowing effect is most significant for the lead row piles and considerably 
less significant for subsequent rows o f trailing piles. They also pointed out that the 
approach adopted by many researchers o f taking the average performance o f piles in the 
same row is found to be inappropriate for the middle rows, o f piles for large pile groups 
as the outer piles in the row carry significantly more load and experience considerably 
higher bending moment than those o f the inner piles. They also compared their 
p-multiplier results with those o f other researchers as stated in Table 2 .1 :
15
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Table 2 .1  Comparison of p-multiplier values from various experimental and field 
studies for pile groups with pile center-to-center spacing of 3 pile widths (Ilyas et al. 
2004)















Ilyas et al. (2004) / normally consolidated clay: 







3x3 0.65 0.50 0.48
4x4 0.65 0.49 0.42 0.46
Brown et al. (1987) /  over consolidated clay: 
strength = 70-180kPa
3x3 0.7 0.5 0.4
Meimom et al. (1986) / silty clay: strength = 
25kPa
2x2 0.9 0.5
Rollins et al. (1998) / clayed silt: strength = 
50-75kPa
3x3 0.6 0.4 0.4
Sand
Brown et al. (1988) /  clean medium sand: 
friction angle d> = 38°
3x3 0.8 0.4 0.3
McVay et al. (1995) / medium dense sand 3x3 0.8 0.4 0.3
Mcvay et al. (1998) / medium dense sand 4x3 0.8 0.4 0.4 0.3
Ruesta and Townsend (1997) / loose find sand: 
friction angle <5 = 32°
4x4 0.8 0.7 0.3 0.3
2.2 Reliability analysis of laterally loaded piles
2.2.1 General
In general, the uncertain performance o f deep foundations is affected by many 
factors such as spatial variation o f soil properties, limited soil exploration programs,
16
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uncertainties in the parameters determined by various testing methods and analyses, 
limited calculation models as well as uncertainties in loads.
The physical parameters o f pile-soil system are important since they provide the 
rational basis for safe performance and operations the system is designed for. The 
structural mechanics deals with a works invented by human ingenuity, whereas 
geotechnics copes with a world designed by nature. Every site is considered as unique in 
terms of subsurface conditions that vary spatially within a site. The variability of 
subsurface conditions within and between sites leads to uncertainty in the information 
needed in geotechnical design.
Geotechnical reliability analysis began in earnest about 1970. Today, reliability 
analysis appears to be on the threshold o f entering mainstream geotechnical practice. Risk 
assessment, often incorporating reliability analysis, is now employed by major public 
works agencies and private owners, and local-resistance factor design (LRFD) is 
beginning to appear in geotechnical codes and specifications.
2.2.2 Choosing values for soil engineering properties
It is said that structural engineers deal with a world o f their own design, whereas 
geotechnical engineers design for a world that nature deals them. Soil strata and material 
properties are defined by nature, the geometry of the subsurface must be interred from 
limited observations, and the deposition environment and load history o f a soil can only 
be guessed. Thus, site characterization is inductive. The most common error in 
geotechnical reliability lies in how variances o f soil properties are selected.
As shown in Figure 2.3, the three primary sources of geotechnical uncertainty are 
inherent variability, measurement error, and transformation uncertainty. The first results 
primarily from the natural geologic processes that produced and continually modify the 
soil mass in situ. The second is caused by equipment, procedural-operator, and random 
testing effects. Collectively, theses two sources can be described as data scatter. In situ 
measurements also are influenced by statistical uncertainty or sampling error that result
17
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from limited amounts o f information. This uncertainty can be minimized by taking more 













Figure 2 .3  Uncertainty in soil property estimate (Kulhawy 1992)
The third source o f uncertainty is introduced when field or laboratory measurements 
are transformed into design soil properties using empirical or other correlation models. 
The relative contribution o f these there sources to the overall uncertainty in the design 
soil property clearly depends on the site condition, degree o f equipment and procedural 
control, and precision o f the correlation model. Therefore, soil property statistics that are 
determined from total variability analyses only can be applied to the specific set of 
circumstances (site conditions, measurement techniques, correlation models) for which 
the design soil properties were derived.
It is common that within a small area, the spatial variability in soil properties in the 
horizontal direction is less significant than in the vertical direction. Hence, the mean 
value o f the selected soil property at a certain depth can be calculated by average the 
entire observed values o f the soil parameter at similar depths.
18
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2.2.3 Geotechnical versus structural variability
The COV o f the undrained shear strength o f clays can vary from 10 to 60%, 
depending on whether it is measured directly or correlated empirically with certain field 
measurements. It is overly simplistic to assign “typical” COVs for geotechnical design 
properties without proper reference to some o f the important factors, such as the soil type, 
the measurement process, and the transformation model used. In contrast, the 
uncertainties in structural resistance typically fall within a narrow range o f 10-20% for a 
wide range o f materials (e.g., concrete, steel, aluminum) and resistance models (e.g., 
tension, flexure, shear), as shown in Table 2. 2.

















Compact boms, uniform moment 13






Glue-laminated timber beams 18
*Efty-year maximum load effects.
Note that the uncertainties in structural material properties are even lower because 
the uncertainties in structural resistances shown in Table 2. 2 also include uncertainties
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arising from fabrication and modeling errors. The uncertainties in structural loads 
generally depend on the source o f the loadings (e.g., dead load, live load, wind load). 
Typically COVs can be assigned to each loading type as shown Table 2. 2. The COVs are 
approximately 30%, with the exception o f the nearly deterministic dead loads (COV = 
10%) and the highly variable earthquake loads (COV = 138%).
The differences between geotechnical and structural variabilities have a significant 
impact on the development o f reliability-based design procedures for geotechnical 
engineering. As noted above, most o f the COVs in structural design are fairly small. 
Therefore, structural loads and resistances usually can be modeled adequately as lumped 
parameters in the reliability calibration process. In addition, the COVs in structural design 
either fall within narrow ranges (e.g., structural resistances) or can be categorized readily 
into a few cases (e.g., loading type). It is therefore relatively easy to obtain structural load 
and resistance factors that are not dependent on COVs from the reliability calibration 
process.
The situation in geotechnical engineering is more complex. There are many existing 
means o f evaluating the same design soil property. A practical reliability-based 
geotechnical design procedure will have to account for the wide range of COVs resulting 
from the different evaluation methods and possibly high COVs from highly variable site 
conditions, poor equipment and procedural control, and/or low-quality correlations. It 
may no longer be realistic to model geotechnical capacities as lumped parameters or to 
calibrate geotechnical resistance factors over the entire range o f COVs. A summary of the 
variability o f some design properties as a function o f the test measurement, correlation 
equation, and soil type is presented in Table 2. 3.
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Table 2 .3  Approximate guidelines for design soil property variability (Phoon et al. 
1995)
Design





s„ (UC) Direct (lab) Clay 20-55 10-40
su (UU) Direct (lab) Clay 10-35 7-25
su (CIUC) Direct (lab) Clay 20-45 10-30
su (field) VST Clay 15-50 15-50 14
s„ (UU) qT Clay 30-40d 30-35d 18
su (CIUC) qr Clay 35-50d 35-40d 18
su(UU) N Clay 40-60 40-55 23
Sue K d Clay 30-55 30-55 29
su (field) PI Clay 30-55d 32
<l> Direct (lab) Clay, sand 7-20 6-20
<f) (TC) qT Sand 10-15d 10d 38
4^cv PI Clay 15-20d 15-20d 43
K o Direct (SBPMT) Clay 20-45 15-45
K „ Direct (SBPMT) Sand 25-55 20-55
K 0 K d Clay 35-50d 35-50d 49
K o N Clay 40-75d 54
E pM T Direct (PMT) Sand 20-70 15-70
E d Direct (PMT) Sand 15-70 10-70
E pM T N Clay 85-95 85-95 61
E d
a i-j j ; i _ i ____j .__..
N Silt 40-60 35-55 64
correlated su from vane shear test; <|>, effective stress friction angle; <(>„, constant-volume <|>; TC, triaxial compression; UC, unconfined 
compression test.
b Kd, dilatometer horizontal stress index; N, standard penetration test blow count; PI, plasticity index; qi, corrected cone tip resistance. 
c Average over 5m.
d COV is a function of the mean; refer to COV equation in the text for details. 
e Mixture o f s„ from UU, UC, and VST
2.2,4 Reliability-based design
The application of limit state design philosophy represents an important step towards 
more rational risk management in foundation engineering. Implementation o f limit state 
design within a nonprobabilistic framework, such as the empirical partial factors o f safety 
method, does not appear to address adequately most o f the serious drawbacks associated 
with the traditional factor o f safety approach. For example, it is not clear how the 
empirical partial factors o f safety method can promote communication, assist in 
extrapolating the experience o f safe practice to new conditions, or permit full advantage
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to be taken o f improvements in the knowledge base. The adoption o f such empirical 
methods might pave the way for gradual rationalization o f the partial factors using 
probabilistic means, but the desirability o f trading a known system for an unknown one 
solely on this basis is debatable.
The principal difference between reliability-based design (RBD) and the traditional 
or partial factors o f safety design approaches lies in the application o f reliability theory, 
which allows uncertainties to be quantified and manipulated consistently in a manner that 
is free from self contradiction. A simple application o f reliability theory is shown in 







Safety Margin, M -  Q - F
Figure 2 .4  Reliability assessment for normally distributed load and capacity (Phoon 
et ai. 2003)
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Uncertain design quantities, such as the load (F) and the capacity (Q), are modeled as 
random variables, while design risk is quantified by the probability o f failure (pf). The 
basic reliability problem is to evaluate pf from some pertinent statistics o f F and Q, which 
typically include the mean (pf and pq) and the standard deviation (of or ctq), and possibly 
the probability density function.
A simple closed-form solution for pf is available if  both Q and F are normally 
distributed. For this condition, the safety margin (M = Q -  F) also is normally distributed 
with the following mean (pM) and standard deviation (gm) (e.g., Melchers 1999)
(2. 3a) p M = P q — p F
(2.3b) ^ =CTQ+crF
Once the probability distribution o f M is known, the probability o f failure (pf) can 
be evaluated as
(2. 4) p f = Pr ob(Q < F) = Pr ob(Q -  F < 0) = Pr ob(M < 0) = <F(--^-)
Prob (•) = probability o f an event
O(-) = standard normal cumulative function
Numerical values for ® (•) can be obtained easily in many standard texts on reliability
theory. The probability o f failure is cumbersome to use when its value becomes very 
small, and it carries the negative connotation of “failure.” A more convenient (and 
perhaps more palatable) measure o f design risk is the reliability index(P), which is 
defined as
(2 .5) p = - 0 - 1(pf) = d>-1( l - P f)
O -1 (•) = inverse standard normal cumulative function 
Note that P is not a new measure o f design risk. It simply represents an alternative
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method for presenting pf on a more convenient scale.
A comparison o f Eqs. (2. 3) and (2. 4) shows that the reliability index for the special 
case o f two normal random variables is given by
(2 . 6) —
M v Q F
The reliability indices for most geotechnical components and systems lie between 1 
and 5, corresponding to probabilities o f failure ranging from about 0.16 to 3 x l0 “7, as 
shown in Table 2. 4.
Table 2 .4  Relationship between reliability index (P) and probability of failure (pr) 
(U.S. Army Corps of Engineers 1997)




2.5 0.006 Below average
3.0 0.001 Above average
4.0 0.00003 Good
5.0 0.0000003 High
Note: <&(•) = standard normal probability distribution
Note that pf decreases as p increases, but the variation is not linear. It is tempting to
compare P with the traditional factor o f safety because both parameters lie in the same 
range. However, their relationship is actually non-unique, as shown below
(2.7) P =  . t‘r a ~ 1
7(H reCOVQ) ! +COVp
Pfs = Pq/Pf = mean factor o f safety
COVq = ctq/pq = coefficient o f variation (COV) of capacity
COVF = crF/pF = COV o f load
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Different reliability indices can be obtained for the same mean factor o f safety, 
depending on the COVs o f Q and F. In this sense, p can be considered as an extension
and more complete version o f FS that attempts to incorporate both deterministic and 
statistical information on Q and F.
Although closed-form solutions are convenient to apply, they are overly simplistic 
for foundation problems. The need to simplify the capacity term as a single lumped 
parameter (Q) is particularly restrictive from both physical and statistical considerations. 
The capacity o f a foundation is composed of physically distinctive geotechnical 
components that are generally nonlinear functions o f more fundamental design 
parameters, such as foundation geometry, in situ stress state, and shear strength. The 
relative contribution o f each component (e.g., weight, side resistance, tip resistance) to 
the overall capacity is not constant. The degrees o f uncertainty associated with the 
evaluation o f components also are different. Hence, the statistics for Q must vary as a 
function o f these factors. This lack o f robustness in the statistics is a direct outcome o f 
lumping many significant factors into a single parameter. Attempts have been made to 
characterize the lumped capacity (e.g., DiGioia and Rojas-Gonzalez 1991), but 
insufficient recognition is given to their lack o f robustness. Examples o f lumped capacity 
statistics and their sensitivity to the underlying load test database are given by Phoon and 
Kulhawy (1996).
A more general approach that can calculate pf and P from the statistics o f the
design soil parameters directly, without lumping the parameters into a single random 
variable (Q), is more suitable. The problem o f calculating pf for the general case in which 
Q is modeled as a nonlinear function o f several basic random variables is more difficult 
than the simple case shown in Figure 2. 4. Further complication arises if  the basic random 
variables are non-normal and correlated. No closed-form solutions are available for these 
more usual cases. A commonly used numerical technique for these cases is the FOSM
25
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reliability method, which provides good approximate solutions for engineering 
applications.
2.2.5 Target reliability
In principle, the most economical target probability o f failure(PT) can be determined 
by conducting a cost-benefit analysis, as shown in Figure 2. 5.
______________________ I________________________________
Decreasing Probability of Failure — ►
Figure 2. 5 Illustrative cost -  benefit analysis (Phoon et al. 2000)
By studying the variation o f the initial cost, maintenance costs, and the expected 
failure costs with Pf, it is possible theoretically to arrive at the most economical target 
probability o f failure for design. At present, such an approach is not yet practical because 
o f the difficulties in evaluating failure costs (e.g. cost o f human lives) and the effect o f 
component failure on the system. Another approach is to set the value o f PT at a level that 
is comparable with the failure rates estimated from actual case histories (Figure 2. 6).
However, comparing the theoretical probability o f failure derived from reliability 
computations with a value established by actual case histories is not straightforward. It 
has been noted that the theoretical probability o f failure usually is significantly smaller 




Most Economical Target 
Probability of Failure for Design
26
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
not affected by uncertainties underlying design calculations alone. It also can be severely 
compromised by factors such as poor construction and human errors.
‘MARGINALLY ACCEPTED’
shipping
rm oblIe rigs'17*— ■Nj
foundations
J. JI.-I-I1, HI. _commercial 
t  aviation f
0  0001 lives lo s t 1 10  1 0 0  100 0  1 0 0 0 0
c o s t$ m  1 10 1 0 0  1000  1 0 0 0 0
Consequence of Failure 
Figure 2. 6 Empirical rates of failure for civil engineering facilities (Baecher 1987)
At present, the most widely used approach o f selecting a target probability o f failure 
for design is to calculate the theoretical probabilities o f failure implicit in existing 
working stress designs and to use those values as a basis for selecting an appropriate 
value o f P t . While this approach is empirical, it does possess a major advantage of 
keeping the new design methodology compatible with the existing experience base. This 
approach is consistent with the evolutionary nature o f codes and standards that require 
changes to be made cautiously, and deliberately.
The general approach for the calibration o f Pt involves the following steps:
1. Select a set o f representative design problems.
2. Determine an acceptable solution to each problem based on existing 
methodology, such as the working stress method.
3. Evaluate the probability o f failure for each design solution generated by step
27
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2 using a common reliability calculation scheme (e.g. FOSM) and a common 
set o f probabilistic models.
4. Based on the range o f Pf determined by step 3, select an appropriate value for
Pt.
28
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CHAPTER 3 THEORETICAL DEVELOPMENT
3.1 p-y curve of soft clay
3.1.1 Definition of soil reaction p, pile deflection y, and p-y curve
The soil reaction p is the response o f the soil to the pile due to the contact between 
the soil and pile. The deflection y o f the pile is defined as the distance from the original 
location o f the pile to the deformed location. The analysis of a pile under lateral loading is 
a problem in soil-structure interaction; that is, the deflection o f the pile is dependent on 
the soil response and the soil response is a function o f pile deflection. Thus, the problem 
cannot be solved by the equations o f static equilibrium, but a differential equation must be 
solved to obtain the deflection o f the pile. Iteration must be employed because the soil 
response is a nonlinear function o f pile deflection and o f position along the length o f the 
pile. The definition o f the soil response is given in Figure 3. 1.
Figure 3 .1  The graphical definition of p and y (Reese et al. 1975).
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Figure 3. 1(a) is a plan view o f a section o f a pile with the depth identified at which 
the soil response is investigated. It gives the distribution o f unit stress around the pile 
after its installation and before load is applied; if  the pile has been installed without 
bending, there is no unbalanced force acting. If the pile is caused to deflect through a 
distance y (exaggerated here for clarity o f presentation), the unit stresses may be as 
shown in Figure 3. 1(b). The unit stress has decreased on the backside o f the pile and has 
increased on the front side. Some o f the stresses will have both a normal and a shearing 
component. The unbalanced force is p in unit o f force per unit length along the pile and 
can be found by integrating the unit stresses. The unit o f force p is identical to that in the 
solution of the ordinary equations for a beam on an elastic soil bed.
A nonlinear relationship exists between p and y because, at some deflection y, the 
soil response p will reach a limit and remain constant, or perhaps decrease, with further 
deflection. The nonlinear curve relating the soil response and the pile deflection is termed 
a p-y curve. A family o f p-y curves can be generated and it is evident that the curves can 
vary in any arbitrary manner along the length of the pile.
3.1.2 Matlock’s p-y curve for soft clay below water table
Based on the research, the shapes o f the typical p-y curves for soft clay below water 
table subjected to static and cyclic loading are shown in Figure 3 .2 .
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Figure 3 .2  Characteristic shapes of p-y curves for soft clay below water table, (a) 
static loading; (b) cyclic loading; (c) after cycling loading (Matlock, 1970)
The following procedure is the method o f construction o f p-y curves for soft clay 
below water table subjected to static loading.
•  Obtain the best possible estimate o f the variation o f undrained shear strength 
c and submerged unit weight with depth. Also obtain the value o f s 50, the
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
strain corresponding to one-half the maximum principal stress difference. If 
no stress-strain curves are available, typical values o f s 50 are given in the 
Table 3. 1.
•  Compute the ultimate soil resistance per unit length o f pile, using the smaller 
o f the values given by the equation below.
(3 .1) pu= (3+— x +— x)cb
c b
(3 .2) pu -9cb
y'= average effective unit weight from ground surface to p-y curve
c = cohesion 
b = width o f the pile 
J=  constant equal to 0.5
• Compute the deflection, yso, at one-half the ultimate soil resistance from the 
following equation:
(3 .3) y50 = 2.5 e5ob
• Points describing the p-y curve are now computed from the following
relationship. The value o f p remains constant beyond y=8yso
(3.4) p = 0.5pu( J L  y
y  50
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Table 3 .1  Representative values of s 50 for normally consolidated clays (Reese et al. 
2001)
Consistency o f clay Average value o f kPa S50
Soft <48 0.020
Medium 4 8 - 9 6 0.010
Stiff 9 6 -1 9 2 0.005
The following procedure is for cyclic loading.
• Construct the p-y curve in the same manner as for static loading for values o f 
p less than 0.72pu.
• Solve Eqs. (3. 1) and (3. 2) simultaneously to find the depth, xr, where the 
transition occurs. If the unit weight and shear strength are constant in the 
upper zone, then
6cb
(3. 5) xr =
y  b + Jc
If  the depth to the p-y curve is greater than or equal to xr, then p is equal to 
0.72pu for all values o f y greater than 3yso
If  the depth o f the p-y curve is less than xr then the value o f p decreases from 
the 0.72pu at y=3y5o to the value given by the following expression at y = 
15y5o. The value o f p remains constant beyond y = 15yso.
P _ n n't x(3 .6) -  = 0.72-
P u
The variability o f ultimate soil resistance pu along the pile axis is shown graphically 
in Figure 3.3.
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X
Figure 3.3 Variability of ultimate soil resistance pu along the pile axis
3.2 Pile group analysis
3.2.1 General
The theoretical formulation o f the pile group is based on the theoretical formulation 
o f single piles. The main difference is that for pile group, it is necessary to apply 
p-multipliers when constructing the p-y relationship. The concept o f p-multipliers and the 
method to construct the p-y curve o f the pile groups are introduced. In order to 
demonstrate the structure o f a pile group, a 3D view o f a pile group under lateral load is 
shown in Figure 3. 4.
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Figure 3. 4 A 3D view of a typical pile group under lateral load P connected by a 
concrete pile cap
3.2.2 Laterally loaded pile group effects and p-multipliers
Piles in closely spaced groups behave differently than single isolated piles when 
loaded laterally because o f the pile-soil-pile interactions that take place in the group. 
Mokwa and Duncan (2001b) proposed a way to employ the value o f p-multiplier, fm, for 
all kinds o f soil based on the analysis o f the state-of-the-art values. They are used in 
investigation and design o f laterally loaded pile groups using the popular p-y method of 
analysis. They presented data graphs that show p-multipliers as functions o f pile spacing, 
in a useful way for engineering design practice.
The nomenclature used in describing the locations o f piles is presented in Figure 3. 5.
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pile group (i x j)
(3 x 4 group shown)
Pg
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S = c/c spacing in direction o f load (spacing between "rows" o f piles)
S' = c/c spacing perpendicular to direction o f load (spacing between 
"lines" o f piles)
i = number o f lines oriented parallel to direction o f loading 
j = number o f rows oriented perpendicular to direction o f loading 
Pg = horizontal load applied to pile group
Figure 3. 5 Description of nomenclatures used to describe pile group arrangements
The leading row is the first row on the right, where the lateral load acts from left to right. 
The rows following the leading row are labeled as 1st trailing row, 2nd trailing row, and so 
on. The spacing between two adjacent piles in a row or line is described by the 
center-to-center distance. The spacing parallel to the direction o f load is S, and the
spacing perpendicular to the direction of loading is S . Pile spacing is often normalized
by the pile diameter, D. Thus, a spacing indicated as 3D indicates a center-to-center 
spacing that is three times the pile diameter.
3.2.3 Pile group analysis using p-multipliers
The measurements o f deflections and stresses o f the full-scale group indicate that 
piles in a group carry unequal lateral loads, depending on their location within the group 
and the spacing between piles. The approach for analyzing the behavior o f a pile in a 
group is similar to the approach used for analysis o f a single pile, except that the p-values
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are reduced using a p-multiplier (represented by the symbol fm) to account for the reduced 
efficiencies caused by pile-soil-pile interactions.
For analysis o f a pile in a group, the lateral load soil resistance (pg) is equal to the 
lateral load soil resistance o f a single pile (ps) multiplied by a p-multiplier (fm):
(3- 7) p g = fmp s
In the past studies (Brown and Reese 1985, Morrison and Reese 1986 and McVay et 
al 1995), it is found that little variation exists among the response o f piles in a given row. 
So the current state o f practice is to associate the value o f the p-multiplier (fm) with the 
row and to use the value o f fm for all piles in the same row. However, the bending 
moments for the comer piles in the front row should be adjusted when the piles are very 
closely spaced (S'<3D). It is generally assumed that p-multipliers are constant with depth, 
even when there are variations in the soil properties with depth.
The results were presented in the form of chart shown in Figure 3. 6, in which the 
relationships between the p-multipliers, pile spacing and pile locations are illustrated 
clearly. The p-multipliers presented in Figure 3. 6 provide a suitable basis for design in 
most cases and are widely used in calculating and predicting the laterally loaded pile 
group performance. The p-multipliers introduced here serve as the basis for the modeling 
o f the pile group soil reaction in this study.
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Pile distance s (D)








Bending moments and shear forces computed for the
leading row comer piles should be adjusted as follows:




Figure 3. 6 The p-multiplier design curves proposed by Mokwa and Duncan (2001b)
3.3 First order second moment (FOSM) reliability index
3.3.1 General
Studies o f failures in both structural and geotechnical practice suggest that failures 
seldom occur through mechanisms that had been identified and analyzed before the fact 
(Baecher et al. 1980). Failures occur through unanticipated uses or loads, unidentified 
mechanisms, or errors and omissions. Thus, a probability o f failure calculated a priori 
using reliability is at best a lower bound on the real chance o f failure. Despite the
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aspirations o f early workers in the field, reliability analysis is not the basis for risk 
assessment in which comprehensive probabilities o f failure are balanced against costs. 
Reliability assessment is, however, an appropriate basis for making risky decisions at the 
margin, comparing designs, and attaining consistency.
The probability o f failure has traditionally been seen as the next evolutionary stage 
beyond the factor o f safety. In practical situations, calculating these probabilities of 
failure is problematic. There is little agreement about appropriate probability distributions 
for resistance and load, or about the uncertainties introduced by the soil mechanics 
models. Even if  a probability o f failure could be calculated in an agreed upon manner, the 
calculation would be tedious. Thus, in routine design a simpler procedure is required. As a 
result, an index o f reliability rather than probability o f failure is usually sought.
3.3.2 FOSM Reliability index
To effect a simplification, geotechnical engineers have traditionally used first-order 
second-moment (FOSM) analysis, in which a dimensionless reliability index p is used
in place o f the factor o f safety or probability o f failure.
If the limit state function is Linear, the form o f the function is as following,
(3. 8) g (X ,,X 2,...Xn) = a 0 +a ,Xj  + a 2X 2 +--- + a nX n = a 0 + J a ^
i=l
where, the a; terms (i = 0, 1, 2,...,n) are constants and the Xj terms are uncorrelated 
random variables. The following expression for p is obtained:
n
a o + X a iFXi 
(3-9) p =  M
The reliability index, p , in Eq. (3. 9) depends only on the means and standard
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deviations o f the random variables. Therefore, this p is called a second-moment 
measure o f structural safety because only the first two moments (mean and variance) are 
required to calculate p . There is no explicit relationship between p and the type o f 
probability distributions o f the random variables. If  the random variables are all normally 
distributed and uncorrelated, then this formula is exact in the sense that p and pf are 
related by Eq. (2. 5). Otherwise, Eq. (2. 5) provides only an approximate means of 
relating P to a probability o f failure.
When the limit state function is nonlinear, we can obtain an approximate answer by 
linearizing the nonlinear function using a Taylor series expansion. The result is
(3,io) g(x„x2,...xn)*g(x;,x;,..„x;)+£(xi - x - ) ^
i=l 8 X ; evaluated at (x 1,x 2,...xn )
where (x, ,x* ,..., x*) is the point about which the expansion is performed. One choice for
this linearization point is the point corresponding to the mean values o f the random 
variables. Thus Eq. (3. 10) becomes
(3.11) g(X„X„..JC11)«gO» ,(l , . . ,n  ) + J ( X ,  - H „ ) #  I u t  ,
1 1 n T T  1 f i x  evaluated at mean values
1=1
Since Eq. (3. 11) is a linear function o f the Xj variables, it can be rewritten to look 
exactly like Eq. (3. 8). Thus Eq. (3. 9) can be used as an approximate solution for the 
reliability index p . After some algebraic manipulations, the following expression for p 
results:
/"a m  n S(M,x1>M'x2>"->H'X ) dg  |
( 3 -  12) P = --------- f „  W h e r e  a i =  evaluated at mean values
The reliability index defined in Eq. (3. 12) is called a first-order second-moment 
mean value reliability index. It is a long name, but the underlying meaning o f each part of
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the name is very important:
• First order because we use first-order terms in the Taylor series expansion.
•  Second moment because only means and variances are needed.
• Mean value because the Taylor series expansion is about the mean values.
This reliability index is simple but has well-known limitations: linearizing about
points other than the joint mean will give a different approximation and a different value 
o f P . Also, descriptions o f limiting state are not unique, and P depends on which is 
linearized.
Structural reliability moved away from FOSM methods in the early 1980s. However, 
in spite o f the above limitations o f the method, geotechnical reliability remains based on 
them. There are a number o f reasons. First, uncertainties in geotechnical engineering are 
site specific. Thus, a full reliability analysis is called for at each site, and a simple 
procedure is preferred. Second, the geotechnical community, on the whole, is skeptical o f 
modeling o f nature made materials. Much geotechnical analysis is approximate and 
geotechnical engineers are given to simple calculations. Third, until recently there had 
been insufficient field experience with FOSM geotechnical methods to expose limitations 
(Baecher 1998).
3.3.3 Probabilistic description of the problem
The physical parameters that define pile structure and the adjacent soil behavior are 
considered as the independent variates that are arranged in the vector o f random variables
r defined as:
(3.13) 7 = {E l,b ,s50,C, f }
The vector, r , is characterized by its mean value r° with components being the 
mean values o f random parameters given as:
(3.14) 7 T = { E l \ b \ e 7 , C\ f ° }
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The covariance matrix [<SV] o f vector r with independent random parameters r, can 
be assessed employing the notion o f the coefficient o f variation COV(r,) o f each 
component o f vector r . The coefficients o f variation of vector r are arranged in the 
vector o f COV(r) given as:
(3. 15) C O V(r)T = {COV(EI), COV(b), COV(e50), COV(c), COV(y')}
The known values o f r° and COF(r) allow to define with sufficient accuracy the 
components o f the covariance matrix [£,.] o f material random variables. The nonzero 
components o f [.SV] are variances o f the components o f vector r and are located on 
diagonal o f [£r].
In general, the performance o f the laterally loaded pile-soil system is described by 
means o f vector /  being the function(s) o f random parameters rt o f vector r . It is
worth noting that performance vector / (r) can contain various kinematic and strength
type components such as maximum deflection y T, maximum angle o f flexural rotation 0T,
maximum bending moment Mmax or maximum stresses omax. The investigations are 
focused on the assessment o f the probabilistic performance of maximum lateral deflection 
y r  caused by the uncertainties in material parameters o f the system. This approach is in 
accordance with serviceability methodology. Thus,
(3.16) f ( r )  = {yT(r)}
In general, the components o f / ( r) for arbitrary set o f random values o f parameters
rt are obtained from the solution o f Eq. (2. 2) employing various numerical methods such 
as the finite difference or the finite element method. In latter case, Eq. (2. 2) can be 
written in most general form as:
(3.17) [K(r)]{y} = {p}
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[AT(r)] is the stiffness matrix with random component rt o f vector r 
{y} stands for random deflection vector 
{p} denotes the load vector o f deterministic type 
It is clear that solution of Eq. (3. 17) is a function o f r , that is:
(3.18) y  = y{r]
Moreover, the mean value o f y  is determined from the equation similar to Eq. (3. 
17), which means that the following equity is valid:
(3.19) [ ^ ( 7 ) ]  { 7 }  = { 7
Consequently, Eq. (3. 19) entails conclusion similar to Eq. (3. 18). Thus,
(3.20) 7  = 7 ^ }
In general, the determination o f first-order second-moment (FOSM) o f / ( r) can be 
determined based on Taylor’s expansion o f f ( r )  in the vicinity o f r° . Thus, the
random performance function f ( r ) can be linearized in the neighborhood of f ( r ° )  by 
means o f Taylor’s series as:
(3. 21) f ( r )  = 7 ( ^ )  + [ V / 7 ) ] ( r - 7
[V f ( r ° ) \  is the sensitivity matrix o f the performance vector o f function, / (r)
An arbitrary com ponent,^ r ) o f f ( r ) ,  according to Eq. (3. 21) can be expressed as:
(3.22) f ( r )  = f y )  + Y l^ - k r , - r “)
Thus,
_  n d f  ( r ° )
(3.23) / ( r ) - / ( r °) = £ i L 2 ( , . _ r °)
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Similar relationship to (3. 23) can be written to another arbitrary component f k(r) 
o f / (r) resulting in the following:
(3.24) / t ( r ) - / 1( 7 )  = £ ^ :\ - r / ’)
1=1 I
The singled out Eqs. (3. 23) and (3. 24) allow for determining an arbitrary covariance 
component Covffj/iJ o f covariance matrix [Sf] o f the vector o f performance function
f ( r )  as:
Cov(fj , f k)  = E{(fj ( r )  -  f j  ( 7 ) )  (fk( r ) ~  f k ( 7 ) ) )
(3‘ 25) T ^ , ^ ^ df / r ° K  o,  dfk( r ° ) /
=  — a ----------( r‘ ~ r i 7 — ---------( r , - r ,  ))
t i t t  drt dr,
Equation (3. 25) can be reshaped allowing for relating (in general formulation)
covariance o f r components with covariance Cov(fj,fk) of the components o f vector
f ( r ° ) .  The more compact form of Eq. (3. 25) gives:
(3.26) Cov( fJJ l ) = f i f i df‘ (r ) ^ r ") Cov(r, , ri)
i=i i=i Or, Or,
In matrix notation, Eq. (3.26) becomes:









are sensitivity vectors o f the performance function
components with respect to the components o f vector r
In Eq. (3. 27) Einstein’s summation convention is applied with respect to repeated 
indices. In case, when the maximum performance o f the pilQ-(p-y) soil system is 
described by maximum lateral deflection y j, the left-hand side o f Eq. (3. 27) represents
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Analogously, when the maximum performance of the pile-(p-y) soil system is 
described by maximum bending moment M max, the left-hand side o f Eq. (3. 27) represents 
variance o f M max. The explicit form o f the variance VaiiMmax)  o f maximum bending 
moment is the following:














r —z \ 2 
8M (r°)max\ /  
^ 5 0 )
Var(50)  +
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CHAPTER 4 NUMERICAL INVESTIGATIONS
4.1 Introduction
In Chapter 3, the theoretical formulations o f probabilistic and reliability analysis of 
laterally loaded pile are presented by means o f equations. Those formulas provide a 
theoretical approach in general fashion ready for numerical investigation. In order to 
demonstrate the importance o f each of the design variables and to find out the reliability 
index with respect to variability o f design variables, the numerical investigations are 
needed.
In this chapter, the reliability analysis o f piles is carried out in a numerical fashion. 
The typical design variables are determined based on the usually used parameters in 
reality. The reliability indices o f laterally loaded piles embedded in soft clay below water 
table with respect to the top deflection Py and maximum bending moment PM are
plotted in figures. Different piles with lengths 3T and 10T (the “T” here represents the 
relative stiffness factor determined in Section 4.3) are analyzed in the method presented 
in this chapter. The outcomes o f typical cases o f the reliability analyses o f top deflection 
and maximum bending moment are presented in this chapter.
4.2 The determination of typical design parameters
Introducing the concept o f statistical homogeneity regarding soil properties, we can 
represent a site by means o f mean value and standard deviation, or coefficient o f variation. 
The coefficient o f variation is defined as standard deviation divided by mean value. 
Comparing geotechnical uncertainty with structural uncertainty, uncertainties in structural
46
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material properties expressed by means of COV are less than 10%. Whereas uncertainties 
in soil properties described by COV are 10 to 60%.
In this study, the mean values o f design parameters are taken based on the design 
values used in practice and the COV o f design parameters are taken as varying from 10% 
to 40%.
Pile properties
The pile used in this study is a standard hollow steel pile HSS 508x13 
(DiameterxThickness) defined by “Hollow Structural Sections to ASTM A 500 Grade C”, 
which is issued by Canadian Institute o f Steel Construction 2000. The pile with b is 
508mm, which is the diameter o f the pile.
The section properties o f the pile are as following and presented in Figure 4. 1:
E -  200 GPa 
I = 550xl06 mm4
E l = (200x109 N/m2) x (550xl06mm4)
= (200x106 kN/m2) x (550x1 O' 6 m4)
= 110,000 kN-m2
47
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
t= l 1.43mm
b = 508mm
Pile type: Steel HSS 508x13
Outside diameter b: 508mm
Design thickness t: 11.43mm
Area A: 17800mm 2
Weight: 1,52kN/m
Young's Modulus: 200GPa




Figure 4 .1  Section properties of the pile
Soil properties:
From the manual o f COM624P, the typical value o f undrained shear strength (or 
undranined cohesion o f soil), c, is 24kPa and the strain corresponding to one-half the 
maximum principal stress (or strain at which 50% of the soil strength is mobilized), 8 5 0 , is
0.02. Also, the effective (or submerged) unit weight o f soil, y’, is 8.19kN/m3.
4.3 Determination of relative stiffness factor T
In a limit analysis, the soil-pile system is considered to reach a point o f failure when 
the full passive resistance is mobilized along the entire length o f the pile. A short pile 
either rotates (for free head piles) or translates laterally (for fixed head piles). Long piles 
fail by formation o f one plastic hinge for a free head pile or two plastic hinges for a fixed 
head pile, respectively. Before analyzing laterally loaded pile using software, we need to
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decide the length o f pile, based on the relative stiffness factor T so that we can anticipate 
the failure mechanism. I f  the embedded length o f the pile is more than 5T, the pile is 
considered a “long pile. If  the length is less than 4T, the pile is considered short. In
concept o f the characteristic shear load and characteristic moment load. Evans and 
Duncan (1982) developed the concept o f characteristic shear load, Hc, and characteristic 
moment load, Mc, which led to the following formulas:
M c = characteristic moment load,
X = a dimensionless parameter dependent on the soil’s stress-strain behavior, 
b = diameter o f pile,
E = modulus o f elasticity o f pile (200 GPa for steel),
Ri = dimensionless relative moment o f inertia of the pile section,
(jp = representative passive pressure o f  soil,






= 1 . 0 0  for solid circular cross sections
= 1.70 for solid square cross sections
for brittle clay behavior:
(4 .4) A. = 1.54 for Hc
(4.5) X = 1.34 for Mc
for cohesive soils (clay):
(4 .6) c p -  4.2 su
where, H c = characteristic shear load,
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m, n = exponents from Table 4. 1,
I = moment o f inertia o f pile,
Su = undrained shear strength o f soil, in this study, Su = c. 
Table 4 .1  Values of exponents m and n (Evans and Duncan, 1982)
For Hc For Mc
Soil Type m n m n
Clay 0.683 -0.22 0.46 -0.15
Sand 0.57 -0.22 0.40 -0.15
In this study,





7ib / 64 7ix508 /64
= 0.168
H c = Xb2ER, a p (S5o)nvER iy
= 1.54 x 0.5082 x 2 .0 x l0 8 x 0.168x 
= 5336 kN
100.8 \  0.683
2.0x10 x0.168
x0.02 - 0.22
(4.10) M c = Xb3ER,
' a .  A
vERiy
k o Y
= 1.34x0.508 x 2 .0 x l0 8 x0.168x 100.8
\  0.46
2 .0 x l0 8x 0.168
x 0.02 -0.15
= 30573 kN -m
Evans and Duncan (1982) also developed a method to express the lateral load 
deflection behavior in the chart form. In this method, the lateral loads Ht or Mt vs. the pile 
head deflections yt are plotted in figures. They are shown in Figure 4. 2 —  Figure 4. 4.
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Figure 4. 2 Load-deformation curves for free-head pile embedded in clay under 
cyclic lateral load (after Evans and Duncan, 1982)













Figure 4 .3  Load-deformation curves for fix-head pile embedded in clay under cyclic 
lateral load (after Evans and Duncan, 1982)
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Figure 4 .4  Load-deformation curves for the pile embedded in clay under cyclic 
bending moment (after Evans and Duncan, 1982)
The relative stiffness factor  T is defined as follows: 
For free or fixed head pile under lateral loading:
(4.11) T = 3 ' y ‘EI
A yH t
For pure moment loading:
(4.12) T = - l y ‘EI
B ,M .
where Ay = 2.43 for a free head pile
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Ay = 0.93 for a fixed head pile 
By =1.62
Based on the relationships shown Figure 4. 2 —  Figure 4. 4 and Equations (4. 9), (4. 
10), (4. 11) and (4. 12), it is possible to determine the values o f the relative stiffness 
factors T for different boundary conditions and applied forces. The results obtained in this 
fashion are presented in Table 4. 2, Table 4. 3 and Table 4. 4 respectively. Since the T is 
function o f applied force and deflection o f pile, we need to assume the deflection o f pile,
ybased on the Figure 4. 2 —  Figure 4. 4. The maximum value o f —  is 0.05. Therefore
b
we use the value for all three cases. The relative stiffness factors T determined in this way 
are shown in Table 4. 5.
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Table 4 .2  The relative stiffness factor T for the free head pile under lateral force Ht
y t /b 0.05
yt(m) 0.0254
H t/H c 0.0164
H,(kN) 87.51
T J y -H  (mm) 
\ A ,H ,
2.35
Table 4. 3 The relative stiffness factor T for the fix head pile under lateral force Ht
yt /b 0.05
yt (m) 0.0254
H t/H c 0.0328
Ht(kN) 175.02
T = J y ' EI (mm)
VA »H ,
2.57
Table 4. 4 The relative stiffness factor T for the free head pile under bending 
moment M,
y , / b 0.05
yt(m) 0.0254
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Table 4. 5 The relative stiffness factor T for different boundary conditions
Boundary condition Relative stiffness factor T
Free head pile under lateral force Ht 2.35 m
Fixed head pile under lateral force Ht 2.57 m
Free head pile under bending moment Mt 2.24 m
4.4 p-y curve for soft clay below water table, subjected to cyclic loading
The procedure proposed by Matlock (1970) for the construction o f the p-y curves for 
soft clay below water table subjected to cyclic loading at a top surface, x=0, is as 
following:






2. Calculate the ultimate soil resistance 
At x  = 0 (top surface)
pu= (3 + -^ x  + - x ) c b  = 3cb = 3(24)((0.508) = 36.579kN/m 
c b
3. Calculate the deflection, y5o
y50=2.5 e 5 0  b = 2.5(0.02)(0.508) = 0.0254m
4. When, p < pu
p = 0.5pu( ) 5 = 0.5(36.579) ( - J —  ) =
y 50 0.0254
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5. p=0.72pu = 0.72(36.579) = 26.33kN/m
6. Calculate xr
x  6cb = 6(24)(0.508) _ 152m
'  y'b + Jc (8.19)(0.508)+ (0.5)(24)
The deformability o f the system in terms ofyvs.P w hen  transformed to the (p-y)
relationship constructed for x  = 0 (top surface) enables one to predict what soil’s physical 
phases are developed within the soil adjacent to the pile. This logic is explained in Fig. 4. 











0.1 0.2 0.3 0.4
Deflection, y  [m]
0.5 0.6 0.7
Figure 4 .5  The projection of y values and corresponding lateral forces P; of 
single free head long pile of length 10T on the (p-y) curve of the soft clay below 
water table subjected to cyclic loading for a depth, x = 0.0 m
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4.5 Load-deflection relationship
The nonlinearity o f the pile-soil interaction is tested by means o f an assessment o f 
the relationship between the applied lateral force P o f discrete variability and the 
generated maximum lateral deflection in the presence of pile-soil physical parameters
defined by vector r ° . One representative load-deflection relationship corresponding to 













Figure 4. 6 The assessment of nonlinear performance of free head pile of length, 
L=10T, in terms of mean values of maximum lateral deflection y and the applied 
deterministic lateral force P of discrete variability
4.6 Taylor series finite difference (TSFD) estimation procedure
A computer program named FB-Pier is used to calculate the mean values o f pile 
performance, such as top deflection o f pile, yx, and maximum bending moment o f pile, 
Mmax, based on the mean values of other basic random variables. The estimation o f the 
standard deviation o f the pile performances is very complicated, since the functional 
relationship between the basic random variables and the pile performances is not known
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in a closed form. The Taylor series finite difference (TSFD) estimation procedure is used 
to numerically evaluate the standard deviations o f the pile performances. The concept o f 
TSFD is briefly explained below.
Suppose the pile performances, yx and Mmax, are known to be the functions o f other 
basic random variables, Xi, X2 ,...,X„. The mean value and the standard deviation (or 
coefficient o f variation) o f Xj, i from 1 to n, are assumed to be known. For the problem 
under consideration, these random variables are the bending stiffness o f piles El, the 
diameter o f piles b, strain corresponding to 50% of maximum principal strain difference 
8 5 0 , the cohesion o f soil c and the effective unit weight o f the soil y '.
Generally, Y = F(Xi,X2,...,Xj,...) can be used to express the functional relationship. 
Assuming XjS are statistically independent, the standard deviation o f Y, c Y, can be 
obtained by using Eq. 4. 13:
(4.13) a 2y = £
where C; is the standard deviation o f Xj and the partial derivatives are evaluated at the
mean values o f the random variables. Since the form o f the functional relationship is 
unknown in this study, the partial derivative with respect to the z'th random variables in Eq. 
(4. 13) can be approximately evaluated using the TSFD procedure as
QY Y + -  Y~
(4.14) —  =  l i -
0X; 2(1;
where
(4.15) Yi+ = F (p 1,p 2 ,...,p i + a i,...) 
and
(4.16) Y;“ = F(P1,P 2 ,...,P; -CT;,...)
Considering all the random variables, the variance o f Y can be shown to be
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Thus, considering yx, and Mmax parameters one at a time, their standard deviations 
can be calculated using TSFD procedure.
4.7 FB-Pier software
The University o f Florida, Bridge Software Institute (BSI), with the support o f the 
Florida Department o f Transportation and the Federal Highway Administration, 
developed FB-Pier program (2001). The program also employs p-y method for soil with 
non-linear finite element analysis. The program is an integrated program, which both 
analyzes and designs the structure o f pile/piers. The program has the capability to analyze 
and design single piles/piers, pile or shaft groups, piles and pile caps, high mast signs and 
retaining walls. The structural model includes both linear and non-linear (concrete 
cracking, steel yielding and soil nonlinearity etc.) features. The program can be 
downloaded from website http://bsi-web.ce.ufl.edu
In this study, a pile is modeled as a linear one-dimensional beam with 50 nodes along 
the pile length and a soil is modeled as a nonlinear spring simulated by p-y curves. A 
lateral force is applied at the pile head with a different boundary condition, such as free 
head or fixed head.
4.8 A flow chart of reliability evaluation
In this study, the Matlab programs are used: (a) to prepare the input data for the 
FB-Pier, (b) to call FB-Pier for calculating the deformation and internal forces, (c) to read 
the output data o f FB-Pier for further analysis, (d) to conduct probability and reliability 
analysis, and (e) to present the reliability analysis results. The flow chart describing the 
overall solution strategy is given in Figure 4. 7.
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Input: Design Variables 
Output: ytop, Mmax
FOSM Method 





Get: Significant Failure Modes 
Corresponding Failure Probability
TSFD Estimations 




Figure 4. 7 A flow chart of reliability evaluation.
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4.8.1 Preparing input data
The file name convention for each case is shown in Figure 4. 8. From the file name, 
we can get the information about the boundary condition, pile distance (for pile group), 
applied force and the change o f design variables.
X X X X X X X . i n p
I-----------  1, 2, 3 ... 8 or 9. The indicator
used to differentiate the files of 
different value o f design 
variables
"1" stands for p -a; "5" stands 
for p; "9" stands for p+cr.
  Value of applied force (kN or kN m)
—  2, 3, 4 or 5, stands for pile's spacing equal 2D, 3D, 4D or 
5D respectively (for pile group only)
—  1 or 2. Boundary condition indicator. "1" stands for a pile 
pined to a cap under concentrated lateral force; "2" stands for 
a pile fixed to a cap under concentrated lateral force.
Figure 4. 8 The hie name convention for the FB-Pier input pile
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A typical input file o f the FB-Pier for single pile is shown in Figure 4. 9.
PROBLEM
Default Pier Structure
Units are KN and Meters
University o f  Windsor





L=1 M=1 D=1 0=1 S=1 P=1 T=1 F=1 C=1 B = 1 1=1 R=1 N=1 X=0 
CONTROL
1 U= 1 D= 0 S= 0 R= 0 N= 50 Z= 0 P= 0 V=1.0 : NUMLC 
S= 0 T= 0 0 P= 1 F= 0 
1= 100 T= le-002
PILE
NSET= 1 S= 0 M= 0 NSEG= 1 
C Custom
C T=1 D=0 U=1 : PreCast - linear
L=23.5 E=2000000001=0.00055,0.00055 J=0.0011 G=7.70e+007 \ 
A=0.0178 D=0.508 S=1.52 K=1 
E= 0 H= 0 A= 1 S= 1 G= 0 C= 0 




NSET= 1 L= 1 R= 1 C= 1 W= 0 0 =  0 S= 0 : Nlayers,kcyc 
35 40715 18 24 0.02 24 24132 0.3 55.2 30 \
4 1 1 1 0 0 0 0 0 \
E=0,-30 B=0 S=1
35 40715 18 24 0.02 24 24132 0.3 55.2 
24132 0.35 1333 1 : Soil set 1 tip info
LOAD
1 L= 1 F= 200 0 0 0 0 0
SWFACT 
1 F = 0  0
Figure 4. 9 A typical input file of FB-Pier for single file (102005.inp)
A typical input file o f the FB-Pier for pile group is shown in Figure 4. 10. Please 
refer to the Manual o f FB-Pier for the details o f the input file.
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PROBLEM
Default Pier Structure
Units are KN and Meters
University o f Windsor





L=1 M=1 D=1 0=1 S=1 P=1 T=1 F=1 C=1 B=1 1=1 R=1 N=1 X=0 
CONTROL
1 U= 1 D= 0 S= 0 R= 0 N= 50 Z= 0 P= 0 V=1.0 : NUMLC 
S= 0 T= 0 0 P= 1 F= 0
1= 100 T= le-002
PILE
NSET= 1 S= 0 M= 0 NSEG= 1 
C Custom
C T=1 D=0 U=1 : PreCast - linear
L=23.5 E=2000000001=0.00055,0.00055 J=0.0011 G=7.70e+007 \ 
A=0.0178 D=0.508 S=1.52 K=1 
E= 0 H= 0 A= 1 S= 1 G= 0 C= 0 
5 5 : NPX, NPY
1.016 2.54 2.54 1.016

















2 5  




NSET= 1 L= 1 R= 1 C= 1 W= 0 0 =  0 S= 0 : Nlayers.kcyc 
35 40715 18 24 0.02 24 24132 0.3 55.2 30 \
4 1 1 1 0 0 0 0 0 \
E=0,-30 B=0 S=1
35 40715 18 24 0.02 24 24132 0.3 55.2 
24132 0.35 1333 1 : Soil set 1 tip info
CAP
E= 2.8e+007 U= 0.2 T= 1.5 S= 25 
LOAD
5 L= 1 F= 2000 0 0 0 0 0
SWFACT 
1 F= 0 0
Figure 4 .10  A typical input file of FB-Pier for pile group (1520005.inp)
64
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4.8.2 Reading output data
The nodes deflection is stored in the matrix o f ResultDatay. There are 6 columns in 
the matrix ResultDatay. The columns of the matrix represent the deflection in the z, x, y, 
and rotation vector in the direction o f z, x, y respectively.
The internal force is stored in the matrix o f ResultDataM. There are 15 columns in 
the matrix ResultDataM. The physical meaning o f each column is explained in Figure 4. 
11 respectively. The reader can refer to the help menu o f FB-Piers “Help->Contents->Post 
Processing Formats->Shear and Moment Results” to determine the meaning o f the 
columns.
W, V2I, V3I, V2J, V3J, XMI2, XMI3, XMJ2, XMJ3, XMMAX, XML, FRATI, FRATJ, AXLI, AXLJ
W is the uniform load on the element.
V2I is the shear on the I end in the local 2 direction.
V3I is the shear on the I end in the local 3 direction.
V2J is the shear on the J end in the local 2 direction.
V3J is the shear on the J end in the local 3 direction.
XMI2 is the moment on the I end about the local 2 axis.
XMI3 is the moment on the I end about the local 3 axis.
XMJ2 is the moment on the J end about the local 2 axis.
XMJ3 is the moment on the J end about the local 3 axis.
XMMAX is the maximum midspan moment i f  uniform loads exist.
XML is the distance from the I end where the maximum midspan moment exists.
FRATI is the capacity ratio at the I end.
FRATJ is the capacity ratio at the J end.
AXLI is the axial force at the I end o f  the member.
AXLJ is the axial force at the J end o f the member.
Figure 4.11 The physical meaning of each column of the matrix ResultDataM
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4.8.3 TSFD Estimation
In this study, all random variables are considered to have normal distribution. To 
define a normal distribution uniquely, its mean and variance or standard deviation or 
COV must be known. As discussed in chapter 4.6, the estimation o f the standard deviation 
o f top deflection (ytop) or maximum moment (Mmax) o f pile is very complicated, since the 
functional relationship between the load and the load effect is not known in a closed form. 
The Taylor Series Finite Difference (TSFD) estimation procedure is used to numerically 
evaluate the standard deviation of the top deflection (ytop) or maximum moment (Mmax) of 
pile. For example, TSFD estimation of top deflection in regard to c is as follows:
0.044
100KN
0.042 Cubic polynomial curve fit









20 22 23 24 
c [kPa]
25 26 27 28 29
Figure 4.12 TSFD estimation of single pile for yT vs. c, when COV(c) = 20%
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Based on the Figure 4. 12, the cubic polynomial curve fit o f yr(c), when COV(c) 
=20%, is
(4. 18) yT = -3.188e-6(c)3 + 0.0002998(c)2 - 0.010443(c) + 0.1548
The partial derivative o f yT with respect to c (cohesion of soil) at mean value is
(4.19) =-0.00156
oc 1
The partial derivative o f yr with respect to c (cohesion o f soil) at mean value is also 
approximately evaluated using the TSFD procedure as
(4 20) fox = y T (n + q ) -  y T (p -  cr) = 0.026566 -  0.042262 ^  Q QQ163 
dc 2 a ; 9.6
The relative error percentage is given as follows:
/  a i  (5 A approximate e x a c t/ ,  n n n /(4. 13) error = ----- - -------------------- x  100%
exact
= _  ( -  0.00163) -  ( -  0.00156) x ; =
(-0.00156)
Assuming the design variables are statistically independent, the standard deviations 
(or variances) o f top deflection (ytop) or maximum moment (Mmax) o f pile are calculated 
by Eq. (4. 17) using the TSFD procedure. The typical results o f variances o f top 
deflection and maximum bending moment are in Figures 4. 13 and 4. 14, respectively.
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Figure 4.13 Variability of COV(yx) vs. COV(c) for single free head long pile of 
length 10T subjected to lateral force of discrete variability
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Figure 4 .14 Variability of COV(Mmax) vs. COV(c) for single free head long pile of 
length 10T subjected to lateral force of discrete variability
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4.8.4 FOSM Estimation
In order to better understand the influence o f the random design variables on the 
system performance reliability, a probabilistic analysis is performed. The primary 
advantage o f using a probabilistic analysis as opposed to a traditional deterministic one is 
that a consistent and meaningful measure, namely the failure probability, is used for 
evaluating the variable sensitivities. For each design variable, the sensitivities o f the top 
deflection and maximum bending moment o f pile to the mean value o f the parameter are 
evaluated using Eq. (4. 17). They represent the effect o f COV(design variables) vs. 
COV(yx) and COV(design variables) vs. COV(Mmax). The results are presented in Figure 
4. 15 and Figure 4. 16. Based on these figures, one can conclude that the most influential 
parameter among the five design variables to the pile performance is undrained shear 






Figure 4.15 Variability of COV(yx) vs. COV(Variables) for single free head long pile 
of length 10T subjected to lateral force P= 150kN
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Figure 4.16  Variability of COV(Mmax) vs. COV(Variables) for single free head long 
pile of length 10T subjected to lateral force P=150kN
From the above results, the reliability index is calculated using Eq. (3. 12) in chapter 
3.3.2 based on the First-Order Second-Moment method. Again it is assumed that the 
design variables are uncorrelated. The typical results o f reliability index o f top deflection 
and maximum bending moment for a single pile are in Figures 4. 17 and 4. 18. From 
these figures, it is concluded that the top deflection is more sensitive to uncertainty o f soil 
properties than the maximum bending moment
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Figure 4 .17  Variability of ReIiability-Index(Def!ection) vs. COV(Variables) for 
single free head long pile of length 10T subjected to lateral force P=100kN
20 24
COV(Variables) [%]
Figure 4 .18  Variability of Reliability-Index(Moment) vs. COV(Variables) for single 
free head long pile of length 10T subjected to lateral force P=100kN
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The results o f the reliability analysis are presented in the form of graphics. A typical 
example o f the results o f the reliability analysis for a free head single long pile embedded 
in the soft clay below water table subjected to cyclic lateral concentrated forces, with pile 
length L=10T=23.5m is presented in the APPENDIX A and for a fixed head single long 
pile in the APPENDIX B. Also the result for a free head pile group is presented in the 
APPENDIX C and for a fixed head pile group in APPENDIX D. The discussions on the 
results o f the reliability analysis are presented in CHAPTER 5 and the conclusions are 
presented in CHAPTER 6.
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CHAPTER 5 DISCUSSION ON THE RESULTS OF 
RELIABILITY ANALYSIS
5.1 Introduction
The presented theoretical formulation is employed in numerical investigations of 
long pile embedded in soft clay below water table subjected to cyclic loading o f quasi 
static type. This means that cyclicity o f load is taken into account in implicit fashion. 
More specifically, two different (p-y) models for soft clay below water table are 
developed that are used either in case o f application static load or cyclic load (Matlock, 
1970).
In numerical terms, the vector r° o f mean values o f physical parameters o f pile -  
(p-y) soil system is taken as:
(5. 1) r ° T = {Ef-HOOOOkN, 6°=0.508m, £JO°=0.02, c°=24kN/m2, y'° =8A9kN/m3}
The variability o f variances Var(rl)  o f components o f vector r is established with 
aid o f Coefficients O f Variations COV(ri) for each component o f rt. The discrete values o f 
COV(r,) change from 4% to 40% employing constant increment o f COV(r,) equal to 4%. 
The chosen values o f COVs(r*j when combined with mean values o f Equation (5. 1) result
directly in variances o f vector r components. This means that, for arbitrary r,, its 
variance Var(r() is equal to:
(5 .2) V a r ^ ^ i C O V ^ x r * ) 2
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In investigated case, the numerical values o f Var(r) are determined as:
Var(EI) = (COV(EI) x E I 0) 2
Var(b) -  (COV(b) x b 0)2
(5 .3) Var(s50) = (C O V(s50)x  £S0°)2
Var(c) = (C O V (c)xc0)2
Var(y') = (C O V (y ')x y '0)2 
The investigated pile -  (p-y) soil system is shown in Figure. 5. 1
y°T,C O V (yT)
,COV(M m ax /m x
Nonlinear springs modeled by the p-y curves 
for the soft clay under water table subjected to 
cyclic loading.
(b , s 50, c , f )
- T
r = {E I,b ,sS0,c ,y ’}
r° = {EI° ,b° ,£ so° ,c° ,y'° }
COV(r) = {COV (El), COV(b), C O V(sS0), COV(c), C O V(y’)}
Figure 5 .1  The geometry, the load applied, probabilistic components of r 
pile performances, yx and Mmax
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5.2 Reliability requirements
Two different failure modes are considered for each o f the piles:
1. Excessive horizontal deflection at pile head;
2. Development o f yield hinge at top of pile, due to bending moment.
Regarding the above two failure modes, no codified requirements are available but a
general standard gives a set o f suggested values for the reliability index for various failure 
types and failure consequences in an ultimate limit state.
Table 5 .1  Reliability indices (failure probabilities) for an 1 year reference period 
(Madsen et al. 1995)
Failure type consequences Ductile with reserve capacity Ductile Brittle
Less serious 3.1 (10'3) 3.7 (10‘4) 4.2 (1(T5)
Serious 3.7 (10'4) 4.2 (10-5) 4.7 (10‘6)
Very serious 4.2 (10‘5) 4.7 (IQ'6) 5.2 (10‘7)
The above requirements are closely linked to a standardized representation o f 
uncertainties, i.e. standardized distribution types and ways of including model uncertainty. 
This standardization is by and large followed in this analysis and suitable requirements 
for the reliability index for a 1 year reference period, considering the nature o f the 
different failures modes, are:
• P > 2 (Pf < 0.023 ) for failure mode 1
• P > 3.7 (Pf < 0.0001) for failure mode 2
5.2.1 Limit state functions
Limit state functions are developed for the two failure modes described the above.
1. Excessive horizontal deflection at pile head: the horizontal deformation at the 
pile head is yj. The limit state function is
IS
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(5.4) g = y aiio w -y T
where yaii0w is the maximum allowable deflection. Often yanow is taken as 10% of 
the pile diameter in a design basis for small diameter piles. However, in the study, 
the value yaiiow = 10cm has been used based on the practical purpose, yr is the top 
deflection from each applied force.
2. Development o f yield hinge at top o f pile, due to bending moment: the limit 
state function is
(5.5) g — Mp - Mmax
where Mp is the plastic moment, which leads to full plastification o f the cross 
section ( Mp = Z a y = ( b - t ) 2t a y = 894kN • m ) and Mmax is the maximum applied 
bending moment.
5.3 Discussion on reliability performance of a free head single long pile
5.3.1 General
The outlined theoretical and numerical approach was implemented in the 
probabilistic analysis o f laterally loaded pile o f length L=10T (where T stands for a 
stiffness factor) shown in Figure 5. 1
The laterally loaded piles are very specific geotechnical structures that performance 
depends on their length. Typically, the laterally loaded piles with L > 5T  deform in 
flexible fashion, whereas piles o f length L<4T deform through rotation about a point 
located at the pile axis. The comparative analysis o f the performance o f long and short
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piles shows that in case o f long piles, the failure o f pile structure precedes the 
development o f soil plastic phase on the soil surface. As far as short pile-soil system is 
concerned the failure o f pile-soil system is due to excessive soil deformation developed 
on the soil surface whereas the pile structure itself is far from structural failure. These 
differences in the performance o f short and long piles entail different distributions of 
physical soil phases along the pile axis o f long piles and short ones. Consequently, the 
notion o f maximum performance requires to be addressed in different way to short and 







0.1 0.2 0.3 0.4
Deflection, y  [m]
0.5 0.6 0.7
Figure 5 .2  The projection of y T values and corresponding lateral forces Pj of 
single free head long pile of length 10T on the (p-y) curve of the soft clay below 
water table subjected to cyclic loading for a depth, x = 0.0 m
In case o f investigated long pile-soil system, the review o f Figure 5. 2 shows that
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some regularity is expected in the pattern o f Var(yT) (or, Var(Mmax)) vs. Var(r,) when the 
applied force P, is located on the branch AB of Figure 5. 2 or the corresponding y r, when 
projected on (p-y) curve is set on the AB segment. Then, the entire (p-y) soil adjacent to 
the pile is nonlinear elastic phase. It is worth noting that branch AB can develop within 
very small initial stage o f pile-soil deformation. Figure 5. 2 shows that the investigated 
soil model has the ability to develop linear softening and plastic flow which are described 
by branches BC and CD. These branches are defined for much larger values o f yn  than 
branch AB. It can be expected that when the projection of yn  or P, are spotted on BC 
branch, the long pile can fail due to exceeding its strength and consequently the effect of 
Var(ri) on Var(yj) (or, Var(Mmax)) may differ considerably (in terms of values and 
regularity o f distribution o f Var(rj) and corresponding Var(yT) (or, Var(Mmaxj))  from 
distributions o f Var(ri) vs. Var(yT) (or, Var(Mmax)) associated with P ; located on branch AB. 
The cause o f this irregularity can be explained by referring to soil phases that can develop 
along the pile axis when the applied force P, is located on the branch BC or CD. Then the 
soil adjacent to the pile is considered as multiphase soil medium. Moreover, the thickness 
o f generated physical soil phases depends on the magnitude o f the force P, applied or 
equivalently on the magnitude of y°Ti.
It is worth noting that components o f vector r  have different units. The consistency
to the analysis o f the results is provided when the probabilistic variability o f random
components rt of vector r  and the corresponding probabilistic measures o f the
performance o f the system are expressed in suitable dimensionless probabilistic forms. It 
is achieved by employing the notions o f dimensionless quantities such as COV(yr) (or 
COV(Mmax)) and corresponding COV(r;) that vary depending on the magnitude o f the 
applied force P,.
The investigations aim at the probabilistic assessment o f the performance o f the pile 
-  (p-y) soil system with physical uncertainties subjected to variable deterministic load of
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discrete variability. The limit o f the performance y T or Mmax is determined in reference to 
physical features the p ile - (p-y) soil system allows for.
5.3.2 Reliability analysis of deflection
The analysis o f the results presented in APPENDIX A. 1 leads to the conclusion that 
the investigated outcomes can be divided into two subgroups, which are nonlinear elastic, 
AB, and softening, BC phases o f (p-y) soft clay shown in Figure 5. 2. The basis for two 
subdivisions is the developed different patterns that show how the specific uncertainties 
in the physical properties of the pile-(p-y) soil system reflect on the uncertainties o f the 
top deflection o f the laterally loaded long piles.
The explanation for noticeable differences in the patterns that are developed, when 
the some numerical values o f physical uncertainties o f the system result in different 
numerical values o f the uncertainties in the performance responses yx for the some values 
o f load, can be forced in the (p-y) relationship o f the soil or equivalently in the 
development o f various physical soil phases in the soil adjacent to the pile.
Another point worth to be raised in analysis o f the results is connected with the 
relationship in nonlinearity in the deterministic performance o f the system and the 
nonlinearity o f the patterns o f the relationship COV(r() vs. COV(>,7.) in the presence of 
the applied load that varies in a discrete fashion. The direct response to this point is 
provided by the review o f each curve o f CO V(yr ) vs. P, for constant value o f COV(r;)
shows in Figure A. 12. It is also worth noting that the Taylor series finite difference 
(TSFD) estimation procedure is justified based on Figures A. 1 -  A. 5. whose cubic 
polynomial curve are monotonous.
The comparative analysis o f Figures A. 6 -  A. 10 allows us to distinguish three 
different patterns o f probabilistic relationships that are associated with uncertainties in 
physical and performance uncertainties when the pile -  (p-y) soil interaction system is 
subjected to variable load Pt. The likeness in the probabilistic relationships o f similar type
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are observed between: COV(yr ) vs. COV (El), C O V (yT) vs. COV(y); COV(_yr ) vs. 
COV(b), C O V (yT) vs. COV (c); and finally COV(yr ) vs. COV(s 50). The first subgroup
of result is shown in Figure A. 6 and Figure A. 10, the second in Figures A. 7 and A. 9 and 
finally the last is in Figure A. 8.
The result presented in Figure A. 12 allows also o f assessing the effect that the 
magnitude o f load Pt has on the rate o f change of COV( rt ) on COV( y T). The
classification o f patterns o f variability o f COV(r; ) vs. COV(y.) for variable load P, does 
not coincide with the order o f significance the COV( rt ) has on the CO V(yr ).
The comparative quantitative analysis o f the results presented in Figures A. 12 also 
allows for assessment o f the order o f significance the physical uncertainties C O V (r) 
have on uncertainties o f the maximum performance expressed in C O V (yT) for different
two regions o f (p-y) soft clay. They are arranged in the following order that is directed 
from most to least priority as: For nonlinear elastic region (AB), COV(c), COV (El), 
COV(b), COV ( s 50) and COV(y); and for softening region (BC), COV(c), COV(Z>),
COV(El), COV(y), COV ( s 50).
The variability o f COV(design variables) for each specific value o f load affects the 
reliability index and consequently the probability o f failure Pf. Figure A. 18 presents the 
effect o f variability o f COV(each independent design variable) on the value o f variability 
o f the reliability index o f top deflection, Py calculated by Eq. (3. 12) when the applied
lateral force is equal to lOOkN. The effect o f changes o f COV(each independent design 
variable) on reliability index, Py for variable value o f lateral load applied in discrete
fashion to the pile -  (p-y) soil system is shown in Figures A. 13 to A. 17. The results of 
reliability analysis presented in Figures A. 13 to A. 17 are rearranged in order to show the 
summary o f investigations. The stability o f the reliability index Py with respect to
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variability o f COV(each independent design variable) in the presence of a constant value 
o f load leads to the conclusion that the effect o f variability o f COV(each independent 
design variable) on Py gives the outcomes that have very narrow width o f variability.
However, the main factor that substantially changes the effect o f COV(each design 
variable) on the reliability index Py is the magnitude of load applied to the pile-soil




Figure 5 .3  Relationship between reliability index, py and lateral force, P applied to 
the pile-soft clay system when COV(each independent design variable) = 20%
The investigations o f reliability o f the performance o f laterally loaded pile -  soft clay 
system presented in Figures A. 13 -  A. 18 are accompanied by the suitable outcomes o f 
probability o f failure Pf shown in Figures A. 19 -  A. 24. The numerical values o f all the 
figures regarding top deflection are presented in Tables A. 1 -  A. 5.
81
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5.3.3 Reliability analysis of moment
The results o f probability analysis o f maximum bending moment Mmax are shown in 
APPENDIX A. 2. The effect o f variability o f COV(each independent design variable) on 
COV (Mmax) when the pile-soil system is subjected to lateral load varying in discrete 
fashion is shown in Figure A. 36. The reference to Figure 5. 2 o f probabilistic results 
allows for clear interpretation o f the obtained outcomes. The review of Figure A. 36 
shows that the effect o f COV(each independent design variable) on COV(Mmax) depends 
on which physical soil phase is generated within the soil medium as a result o f application 
o f a lateral force P. It is also worth noting that the Taylor series finite difference (TSFD) 
estimation procedure is justified based on Figures A. 25 -  A. 29. whose cubic polynomial 
curve are monotonous.
When applied lateral load (50kN-150kN) generates nonlinear elastic phase o f soil 
along the pile axis (Figure 5. 2), then the variability o f COV(each independent design 
variable) produces almost constant value o f COV(Mmax). The quantification o f COV(each 
independent design variable) with respect to COV(Mmax), when the load applied generates 
the nonlinear elastic soil phase (50kN-150kN) in Figure A. 36, is as follows (starting 
from most significant to least significant): COV(c), COV(b), COV(EI)/COV(s50) and
COV(y).
When the load applied (200kN-250kN) generates a softening in the soil surface 
whereas at deeper depth the (p-y) soft clay is in nonlinear elastic phase then, the effect o f 
COV(each design variable) increases with various rate with respect to Mmax. Application 
of maximum load (250kN) that produces pile’s structure failure is associated with 
advancement o f soil’s softening stage along the depth o f the soil medium. This fact results 
in significant increase o f numerical values o f COV(Mmax) that exceeds the increase of 
numerical values o f COV(c) and COV(b), in Figure A. 36. At the same time moderate 
increase o f COV(Mmax) caused by COV(EI)/COV(s50) and COV(y) is observed. Also,
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when the lateral load applied varies within range 200kN-250kN, the quantification of the 
effects o f COV(each independent design variable) on COV(Mmax) remains the same as it
was for smaller values o f load (except for COV(EI)/COV(e50) for P=200kN)
The effect o f magnitude o f force applied (50kN-250kN) on COV(M„iax) for variable 
COV(independent design variable) are shown in Figures A. 30 -  A. 34. The application o f 
lateral force o f value (50kN-150kN) that generates only nonlinear elastic stage in soil 
medium, gives outcomes that almost coincide in Figures A. 30 -  A. 34. Application o f 
larger loads (200kN-250kN) results in considerable increase o f the effect o f variable 
COV(c) and COV(b) on COV(Mmax). In particular, for P=250kN, COV(Mmax) exceeds 
COV(c) in Figures A. 33. The effect o f COV(EI), CO V(s50) and CO V(y) on COV(Mmax)
with lateral load, 250kN, is considerably larger than that of smaller load (50kN-150kN), 
Figures A. 30, A. 32 and A. 34.
Figure A. 42 presents the effect o f variability o f COV(each independent design
variable) on the value o f variability o f the reliability index o f bending moment, PM
when the applied lateral force is equal to 100kN. The effect o f changes o f COV(each
independent design variable) on reliability index, PM for variable value o f lateral load
applied in discrete fashion to the pile-(p-y) soil system is shown in Figures A. 37 to A. 41. 
The results o f reliability analysis presented in Figures A. 37 to A. 41 are rearranged in
order to show the summary o f investigations. The stability o f the reliability index PM
with respect to variability o f COV(each independent design variable) in the presence o f a 
constant value o f load leads to the conclusion that the effect o f  variability o f COV(each 
independent design variable) on PM gives the outcomes that have more narrow width of 
variability than in case o f top deflection. However, the main factor that substantially 
changes the effect o f COV(each design variable) on the reliability index PM is again the 
magnitude o f load applied to the pile-soil system. These conclusions o f reliability analysis
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are shown in Figure 5. 4. The results on associated probabilities o f failure Pf are presented 
in Figures A. 43 -  A. 48. The numerical values o f all the figures regarding maximum 




Figure 5 .4  Relationship between reliability index, PM and lateral force, P applied to 
the pile-soft clay system when COV(each independent design variable) = 20%
It is observed that the most influential design variable regarding the performance of 
system is the cohesion o f soil (undrained shear strength, c) among the five design 
variables. However, it is clear that the uncertainty due to the extreme environmental 
parameters, in particular lateral force, is dominating, whereas the uncertainty in the soil 
parameters play a very small role in determining the reliability o f the system.
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5.4 Discussion on reliability performance of a fixed head single long pile
5.4.1 General
In case o f a fixed head single long pile-soil system, the review of Figure 5. 5 shows 
that similar to a free head single pile, some regularity is expected in the pattern o f Var(yr) 
(or, Var(Mmax)) vs. Var(r,) when the applied force Pi is located on the branch AB o f Figure 
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Figure 5 .5  The projection of y T values and corresponding lateral forces P; of 
single fixed head long pile of length 10T on the (p-y) curve of the soft clay below 
water table subjected to cyclic loading for a depth, x = 0.0 m
Then, the entire (p-y) soil adjacent to the pile is in the nonlinear elastic phase. It is 
worth noting that branch AB can develop within very small initial stage o f pile-soil 
deformation. Figure 5. 5 shows that the investigated soil model does not has the ability to
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develop linear softening and plastic flow which are described by branches BC and CD. 
Therefore, the pattern o f distributions o f Var(ri) vs. Var(yr) (or, Var(Mmax)) associated with 
Pi, located on branch AB are very similar to those o f a free head pile on branch AB in 
Figure 5.2.
5.4.2 Reliability analysis of deflection
The analysis o f the results presented in APPENDIX B. 1 leads to the conclusion that 
the investigated outcomes can be only considered as forming one subgroup, which is 
nonlinear elastic, AB phase of (p-y) soft clay in Figure 5. 5. As expected, the nonlinearity 
o f the patterns o f the relationship COV(r;) vs. COV(yr ) in the presence o f the applied 
load that varies in a discrete fashion is less than that o f a free head single pile. The direct 
response to this point is provided by the review o f each curve o f C O V (jy) vs. P, for
constant value o f COV(ri) shows in Figure B. 12. It is also worth noting that the Taylor
series finite difference (TSFD) estimation procedure is justified based on Figures B. 1 -  B.
5. whose cubic polynomial curve are monotonous.
The comparative analysis o f Figure B. 6 -  B. 10 allows us to distinguish two 
different patterns o f probabilistic relationships that are associated with uncertainties in 
physical properties and performance uncertainties when the pile-(p-y) soil interaction 
system is subjected to variable load P,. The likeness in the probabilistic relationships o f 
similar type are observed between: COV(yr ) vs. COV(El), CO V(yr ) vs. COV(s 50),
COV(y T) vs. COV(y) and CO V(yr ) vs. COV(b), C O V (yT) vs. COV (c). The results of
first subgroup are shown in Figure B. 6, B. 8 and B. 10 and the second in Figures B. 7 and 
B. 9. The result presented in Figure B. 12 allows also of assessing the effect that the 
magnitude o f load P, has on the rate o f change of COV( rt) on COV( y T).
The comparative quantitative analysis o f the results presented in Figures B. 12
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allows for assessment o f the order o f significance the physical uncertainties C O V (r) 
have on uncertainties o f the maximum performance expressed in COV( >>,-). They are 
arranged in the following order that is directed from most to least priority as: COV(c), 
COV {El), COV(b), COV ( £so) and COV(y).
The variability o f COV(design variables) for each specific value o f load affects the 
reliability index and consequently the probability o f failure Pf. Figure B. 18 presents the 
effect o f variability o f COV(each independent design variable) on the value o f variability 
o f the reliability index o f top deflection, (3y when the applied lateral force is equal to 
200kN.
The effect o f changes o f COV(each independent design variable) on reliability index, 
Py for variable value o f lateral load applied in discrete fashion to the pile-(p-y) soil
system is shown in Figures B. 13 to B. 17. Again, the main factor that substantially 
changes the effect o f COV(each design variable) on the reliability index Py is the
magnitude o f load applied to the pile-soil system. These conclusions o f reliability analysis 
are shown in Figure 5. 6.
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Lateral Force [kN]
Figure 5. 6 Relationship between reliability index, P y and lateral force, P applied to 
the pile-soft clay system when COV(each independent design variable) = 20%
It is observed again that the most influential design variable regarding the 
performance of system is the cohesion o f soil (undrained shear strength, c) among the five 
design variables. The numerical values o f all the figures regarding top deflection are 
presented in Tables B. 1 -  B. 5.
5.4.3 Reliability analysis of moment
The results o f probability analysis o f maximum bending moment MmaX are shown in 
APPENDIX B. 2. It is also worth noting that the Taylor series finite difference (TSFD) 
estimation procedure is justified based on Figures B. 25 -  B. 29. whose cubic polynomial 
curve are monotonous. The effect o f variability o f COV(each independent design variable) 
on COV(Mmax) when the pile-soil system is subjected to lateral load varying in discrete
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fashion is shown in Figure B. 36. The reference to Figure 5. 5 o f probabilistic results 
allows for clear interpretation o f the obtained outcomes. The review o f Figure B. 36 
shows that the effect o f COV(each independent design variable) on COV(Mmax) is almost 
constant regardless o f applied lateral forces P.
The quantification o f COV(each independent design variable) with respect to 
COV(Mmax) in Figure B. 36 is as follows (starting from most significant to least
significant): COV(c), COV(b), CO V (s50), COV(EI) and COV(y).
The effect o f magnitude o f force applied on COV(Mmax) for variable 
COV(independent design variable) are shown in Figures B. 30 -  B. 34. The application of 
lateral force o f value that generates only nonlinear elastic stage in soil medium, gives 
outcomes that almost coincide. Figure B. 42 presents the effect o f variability of 
COV(each independent design variable) on the value o f variability o f the reliability index 
of bending moment, PM when the applied lateral force is equal to lOOkN. The effect of
changes o f COV(each independent design variable) on reliability index, pM for variable 
value o f lateral load applied in discrete fashion to the pile-(p-y) soil system is shown in 
Figures B. 37 to B. 41. The stability o f the reliability index PM in Figure B. 42 with
respect to variability o f COV(each independent design variable) in the presence of a 
constant value o f load leads to the conclusion that the effect o f variability o f COV(each 
independent design variable) on PM gives the outcomes that have much more narrow 
width o f variability than in case o f top deflection. However, the main factor that 
substantially changes the effect o f COV(each design variable) on the reliability index PM
is again the magnitude o f load applied to the pile-soil system. These conclusions o f 
reliability analysis are shown in Figure 5. 7. Also, The results on associated probabilities 
o f failure Pf are presented in Figures B. 43 -  B. 48. The numerical values o f all the figures 
regarding maximum bending moment are presented in Tables B. 6 -  B. 10.
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Figure 5. 7 Relationship between reliability index, PM and lateral force, P applied to 
the pile-soft clay system when COV(each independent design variable) = 20%
It is clear that the uncertainty due to the extreme environmental parameters, in 
particular lateral force, is dominating, whereas the uncertainty in the soil parameters play 
a very small role in determining the reliability o f the system.
5.5 Discussion on reliability performance of a free head long pile group
5.5.1 General
In interpreting the probability o f failure in pile group, one should recognize that they 
denote the estimated probability o f failure o f a single, perhaps the critically loaded pile in 
the entire foundation. After this single pile fails, the pile system may still support 
considerable additional load until the failure o f the entire pile system (Anderson et al.
90
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.






- ©  -
0.4
Deflection, y  [m]
0.1 0.2 0.3 0.5 0.6 0.7
Figure 5. 8 The projection of y T values and corresponding lateral forces Ps of pile 
group free head long pile of length 10T on the (p-y) curve of the soft clay below 
water table subjected to cyclic loading for a depth, x = 0.0 m
The review of Figure 5. 8 shows that some regularity is expected in the pattern of 
Var(yT) (or, Var(Mmax)) vs. Var(r,) when the applied force P* is located on the branch AB 
or BC of Figure 5. 8, like a free head single long pile described in chapter 5. 3.
The investigations aim at the probabilistic assessment o f the performance o f the pile 
-  (p-y) soil system with physical uncertainties subjected to variable deterministic load of 
discrete variability.
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5.5.2 Reliability analysis of deflection
The analysis o f  the results presented in APPENDIX C. 1 leads to the same 
conclusion as a free head single pile that the investigated outcomes can be divided into 
two subgroups, which are nonlinear elastic, AB and softening, BC phases o f (p-y) soft 
clay in Figure 5. 8. When the width o f pile b is considered, however, a extreme caution 
need to be taken because the relationship between top deflection and b is not monotonous 
(Figure C. 2). TSFD estimation of b, that is approximation o f a partial derivative o f b, is 
not so correct as other design variables. Except the width of pile b, the Taylor series finite 
difference (TSFD) estimation procedure about other four design variables are justified 
based on Figures B. 1 -  B. 5. whose cubic polynomial curve are monotonous.
The result presented in Figure C. 12 allows for assessing the effect the magnitude o f 
load Pi has on the rate o f change of CO V (r.)  on COV(yr ). The comparative quantitative 
analysis o f the results presented in Figures C. 12 also allows for assessment o f the order 
o f significance the physical uncertainties C O V (r) have on uncertainties o f the maximum 
performance expressed in COV(y-) for different two regions o f (p-y) soft clay. They are 
arranged in the following order that is directed from most to least priority importance as: 
For nonlinear elastic region (AB), COV(c), COW (El), CO W(b), COV ( s 50) and COV(y);
and for softening region (BC), COV(c), CO W(b), COW (El), COV(y ), COV ( s 50).
Figure C. 18 presents the effect o f variability o f COV(each independent design 
variable) on the value of variability o f the reliability index of top deflection, Py when
the applied lateral force is equal to 800kN. The effect o f changes o f COV(each 
independent design variable) on reliability index, Py for variable value o f lateral load
applied in discrete fashion to the pile-(p-y) soil system is shown in Figures C. 13 to C. 17. 
The results o f reliability analysis presented in Figures C. 13 to C. 17 are rearranged now 
in order to show the summary o f investigations in Figure 5. 9.
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Figure 5. 9 Relationship between reliability index, Py and lateral force, P applied to 
the pile-soft clay system when COV(each independent design variable) = 20%
It is also observed that the most influential design variable regarding the performance 
of system is the cohesion o f soil (undrained shear strength, c) among the five design 
variables in Figure C. 11. The numerical values o f all the figures regarding top deflection 
are presented in Tables C. 1 -  C. 5.
5.5.3 Reliability analysis of moment
The results o f probability analysis o f maximum bending moment Mmax are shown in 
APPENDIX C. 2. When the width o f pile b is considered, however, a extreme caution 
need to be taken because the relationship between maximum bending moment and b is 
not monotonous (Figure C. 20). TSFD estimation of b, that is approximation o f a partial 
derivative o f b, is not so correct as other design variables. Except the width o f pile b, the
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Taylor series finite difference (TSFD) estimation procedure about other four design 
variables are justified based on Figures C. 19 -  C. 23. whose cubic polynomial curve are 
monotonous.
The effect o f variability o f COV(each independent design variable) on COV(Mmax) 
when the pile-soil system is subjected to lateral load varying in discrete fashion is shown 
in Figure C. 30. The reference to Figure 5. 8 o f probabilistic results allows for clear 
interpretation o f the obtained outcomes. The review o f Figure C. 30 shows that the effect 
o f COV(each independent design variable) on COV(Mmax) depends on which physical 
soil phase is generated within the soil medium as a result o f application o f a lateral force 
P.
When applied lateral load (400kN-1200kN) generates nonlinear elastic phase o f soil 
along the pile axis (Figure 5. 8), then the variability o f COV(each independent design 
variable) produces almost constant value o f COV(Mmax). The quantification o f COV(each 
independent design variable) with respect to COV(Mmax), when the load applied is with 
nonlinear elastic soil phase (400kN-1200kN) in Figure C. 30, is as follows (starting from 
most significant to least significant): COV(c), COV(b), COV(EI)/COV( s 50 ) and
COV(y).
When the load applied (1600kN-200kN) generates a softening at the soil surface 
whereas at deeper depth the (p-y) soft clay is in nonlinear elastic phase then, the effect o f 
COV(each design variable) increases with various rate with respect to Mmax. When the 
lateral load applied varies within range 1600kN-2000kN, the quantification of the effects 
o f COV(each independent design variable) on COV(Mmax) remains the same as it was for 
smaller values o f load (except for COV(EI)/COV(s50 ) for P=1600kN)
The effect o f magnitude of force applied on COV(Mmax) for variable 
COV(independent design variable) are shown in Figures C. 24 -  C. 28. Figure C. 36 
presents the effect o f variability o f COV(each independent design variable) on the value
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o f variability o f the reliability index o f bending moment, PM when the applied lateral
force is equal to 1200kN. The effect o f changes o f COV(each independent design
variable) on reliability index, PM for variable value o f lateral load applied in discrete
fashion to the pile-(p-y) soil system is shown in Figures C. 31 to C. 35. As shown in
Figure 5. 10, the stability o f the reliability index pM with respect to variability of
COV(each independent design variable) in the presence o f a constant value o f load leads 
to the conclusion that the effect o f variability o f COV(each independent design variable)
on PM gives the outcomes that have more narrow width o f variability than that o f top
deflection. The numerical values o f all the figures regarding maximum bending moment 
are presented in Tables C. 6 -  C. 10.
400 800 1200 
Lateral Force [kN]
1600 2000
Figure 5 .10  Relationship between reliability index, PM and lateral force, P applied to 
the pile-soft clay system when COV(each independent design variable) = 20%
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Like the previous case o f single pile, it is clear that the uncertainty due to the 
extreme environmental parameters, in particular lateral force, is dominating, whereas the 
uncertainty in the soil parameters play a very small role in determining the reliability of 
the system.
5.6 Discussion on reliability performance of a fixed head long pile group
5.6.1 General
In case o f a fixed head long pile group-soil system, the review o f Figure 5. 11 shows 
that, similar to a fixed head single pile, some regularity is expected in the pattern o f 
Var(yT) (or, Var(Mmax)) vs. Var(rt)  when the applied force Pt is located on the branch AB 
o f Figure 5. 11 or the corresponding y Tl when projected on (p-y) curve is set on the AB 
segment.
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Figure 5.11 The projection of y T values and corresponding lateral forces P; of 
fixed head long pile group of length 10T on the (p-y) curve of the soft clay below 
water table subjected to cyclic loading for a depth, x = 0.0 m
Then, the entire (p-y) soil adjacent to the pile is nonlinear elastic phase. It is worth 
noting that branch AB can develop within very small initial stage o f pile-soil deformation. 
Therefore, the pattern o f distributions o f Var(ri) vs. Var(y t) (or, Var(Mmax)) associated with 
Pit located on branch AB are very similar to those o f a fixed head single pile o f branch 
AB in Figure 5.5.
5.6.2 Reliability analysis of deflection
The analysis o f the results presented in APPENDIX D. 1 leads to the conclusion that 
the investigated outcomes can be considered as only one subgroup, which is nonlinear
97
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
elastic, AB phase o f {p-y) soft clay in Figure 5. 11. As expected, the non-linearity o f the 
patterns o f the relationship COV(yr ) vs. COV(r.) in the presence o f the applied load that 
varies in a discrete fashion is less than that o f a free head pile group. The direct response 
to this point is provided by the review o f each curve o f COV(yr ) vs. Pt for constant value
of COV(r;) shows in Figure D. 12. It is also worth noting that the Taylor series finite
difference (TSFD) estimation procedure is justified based on Figures D. 1 -  D. 5. whose 
cubic polynomial curve are monotonous.
The comparative analysis o f Figure D. 6 -  D. 10 allows us to distinguish two 
different patterns o f probabilistic relationships that are associated with uncertainties in 
physical and performance uncertainties when the pile-(p-y) soil interaction system is 
subjected to variable load P,. The likeness in the probabilistic relationships o f similar type 
are observed between: C O V (yT) vs. COV (El), C O V (yT) vs. COV( s S0), CO V ( y T) vs.
COV(y) and C O V (yr ) vs. CO V(b), C O V ( y T) vs. COV (c). The first subgroup o f result
is shown in Figure D. 6, D. 8 and D. 10 and the second in Figures D. 7 and D. 9.
The comparative quantitative analysis o f the results presented in Figure D. 12 allows
for assessment o f the order o f significance the physical uncertainties C O V (r) have on
uncertainties o f the maximum performance expressed in COV(_y, ). They are arranged in
the following order that is directed from most to least priority importance as: COV(c),
COV(El), COV(b), COV  ( s 50) and COV(y).
The variability o f COV(design variables) for each specific value o f load affects the 
reliability index and consequently the probability o f failure Pf. Figure D. 18 presents the 
effect o f variability o f COV(each independent design variable) on the value o f variability 
o f the reliability index of top deflection, (3y when the applied lateral force is equal to
1600kN.
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The effect o f changes o f COV(each independent design variable) on reliability index, 
(3y for variable value o f lateral load applied in discrete fashion to the pile-(p-y) soil
system is shown in Figures D. 13 to D. 17. Again, the main factor that substantially 
changes the effect o f COV(each design variable) on the reliability index p y is the
magnitude o f load applied to the pile-soil system. These conclusions o f reliability analysis 
are shown in Figure 5.12. The numerical values o f all the figures regarding top deflection 
are presented in Tables D. 1 -  D. 5.
400 800 1200 1600 2000 2400
Lateral Force [kN]
Figure 5 .12  Relationship between reliability index, Py and lateral force, P applied to 
the pile-soft clay system when COV(each independent design variable) = 20%
5.6.3 Reliability analysis of moment
The results o f probability analysis o f maximum bending moment Mmax are shown in 
APPENDIX D. 2. The Taylor series finite difference (TSFD) estimation procedure is
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justified based on Figures D. 19 -  D. 23. whose cubic polynomial curve are monotonous. 
The effect o f variability o f COV(each independent design variable) on COV(Mmax) when 
the pile-soil system is subjected to lateral load varying in discrete fashion is shown in 
Figure D. 30. The review o f Figure D. 30 shows that the effect o f COV(each independent 
design variable) on COV(Mmax) is almost constant regardless o f applied lateral forces P. 
The quantification o f COV(each independent design variable) with respect to COV(Mmax) 
in Figure D. 30 is as follows (starting from most significant to least significant): COV(c),
COV(b), C O V (s50), COV(EI) and COV(y).
The effect o f magnitude o f force applied on COV(Mmax) for variable 
COV(independent design variable) are shown in Figures D. 24 -  D. 28. The application o f 
lateral force that generates only nonlinear elastic stage in soil medium, gives outcomes 
that almost coincide. Figure D. 36 presents the effect o f variability o f COV(each 
independent design variable) on the value o f variability o f  the reliability index o f bending
moment, PM when the applied lateral force is equal to 1200kN. The effect o f changes of
COV(each independent design variable) on reliability index o f maximum bending
moment PM for variable value o f lateral load applied in discrete fashion to the pile-(p-y)
soil system is shown in Figures D. 31 to D. 35. The stability o f the reliability index PM
in Figure D. 36 with respect to variability o f COV(each independent design variable) in 
the presence o f a constant value o f load leads to the conclusion that the effect o f 
variability o f COV(each independent design variable) on PM gives the outcomes that
have much more narrow width o f variability than in case o f top deflection. The numerical 
values o f all the figures regarding maximum bending moment are presented in Tables D. 
6 - D .  10.
100
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400 800 1200 1600 2000 2400
Lateral Force [kN]
Figure 5.13 Relationship between reliability index, PM and lateral force, P applied to 
the pile-soft clay system when COV(each independent design variable) = 20%
It is clear that the uncertainty due to the extreme environmental parameters, in 
particular lateral force, is dominating, whereas the uncertainty in the soil parameters play 
a very small role in determining the reliability o f the system.
5.7 Discussion on reliability performance of piles regarding boundary condition 
(free vs. fixed)
Up to now, we have discussed on probabilistic behavior and reliability analysis o f 
piles that are distinguished by the following features.
For single pile
• Free head, long pile under lateral concentrated load.
• Fixed head, long pile under lateral concentrated load.
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For pile group
• Free head, long pile under lateral concentrated load.
• Fixed head, long pile under lateral concentrated load
Not only the number o f pile (single or group) but also the boundary condition (free 
or fixed) plays a major role regarding the probabilistic behavior or the reliability analysis 
o f a pile. Since it is observed that the major influential design variable regarding the 
performance o f system is the cohesion of soil (undrained shear strength, c) among the five 
design variables, the cohesion o f soil c is chosen to compare the effect o f boundary 
conditions on the probabilistic performance. Also, since single pile and pile group have a 
very similar result regarding probabilistic behavior o f pile performance, only single pile is 





Figure 5.14 Variability of COV(yT) vs. COV(c) for free/fixed head single long pile of 
length 10T subjected to lateral force, P = 150kN
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Figure 5.15  Variability of COV(Mmax) vs. COV(c) for free/fixed head single long pile 
of length 10T subjected to lateral force, P = 150kN
Figures 5. 14 and 5. 15 lead to the conclusion that in terms o f a pile performance, 
COV(yi) is more influenced than COV(Mmax) by the change of COV(c). In both cases, 
that is for top deflection and maximum bending moment, the pile with free head condition 
is much more sensitive than a pile with fixed head condition as far as the change of 
COV(c) is concerned.
As long as a applied lateral force is within the non-linear elastic range (AB) o f p-y 
curve, the boundary condition o f a pile has little influence on the COV o f pile 
performances, both on top deflection and maximum bending moment shown in Figure 5. 
16 and Figure 5. 17. Consequently, this implies that the lateral force projected on p-y 
curve plays a major role in determining reliability o f a system, regardless o f the boundary 
condition.
103
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
-© - Free 





Figure 5. 16 COV(yT) vs. Later Force for single free/fixed head long pile of length 
10T subjected to lateral force, when COV(c) = 20%
- o -  Free 





Figure 5 .17  COV(Mmax) vs. Later Force for single free/fixed head long pile of length 
10T subjected to lateral force, when COV(c) = 20%






Figure 5. 18 Reliability Index py of Top Deflection vs. COV(c) for single free/fixed 
head long pile of length 10T subjected to lateral force, P =  lOOkN
Based on Figure 5. 18, the conclusion could be reached that a free head condition is 
less reliable than a fixed head condition in terms o f top deflection. However, the 
reliability index is solely based on how to define a limit state function. In this study, the 
limit state function is defined as follows.
Excessive horizontal deflection at pile head: the horizontal deformation at the pile 
head is yx. The limit state function is
(5.6) g  =  yaiiow -  Yt
where yaii0w is the maximum allowable deflection. The value yaiiow= 10cm has been 
used. yT is the top deflection resulting from each applied force.
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With respect to maximum bending moment, the boundary condition has little 





Figure 5. 19 Reliability Index, Pm of Bending Moment vs. COV(c) for single 
free/fixed head long pile of length 10T subjected to lateral force, P = lOOkN
Based on the above two Figures 5. 18 and 5.19, the boundary condition should be 
taken into account cautiously when dealing with top deflection.
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CHAPTER 6 CONCLUSIONS AND SUGGESTIONS FOR
FUTURE RESEARCH
6.1 Conclusion
Probabilistic methods have been applied to evaluate performance o f laterally loaded 
piles. Through this approach, the major sources o f uncertainties affecting pile capacities 
and responses are identified. Their respective contributions to the overall reliability index 
are then analyzed and compared. For instance, besides the loading and the prediction 
model error, the type o f soil sampling and test procedures used to select the design 
undrained shear strength c could play a significant role in the uncertainty level o f the 
predicted laterally loaded pile capacity in soft clay. Also the gap between the soil 
cohesion c and other design variables widens as COV increases. Thus, future research 
efforts should preferably be directed towards those predominant factors such as the 
undrained shear strength o f soil determination in order to reduce the overall uncertainty of 
the laterally loaded pile capacity.
The probability o f failure o f top deflection is 10'2 to 10'3 when COV(variables) is 40 
% with lateral force P=100kN (Figure A. 24). However, the probability o f failure o f 
maximum bending moment is 10'4 to 10'5 (Figure A. 48) about two orders o f magnitude 
less than that o f the top deflection. Therefore, the serviceability o f pile performance (top 
deflection) plays a major role in determining reliability of a system.
The numerical results o f reliability o f the performance o f laterally loaded (p-y) soft 
clay system shown in APPENDIX lead to the conclusions in details:
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• The quantifying analysis o f the effect o f variability o f COV(each design 
variable) on COV(yx) in the presence o f constant load is set in the following 
order starting from most significant to least significant: COV(c), COV(EI), 
COV(b), COV(e50), and COV(y) (Figure A. 11, B. 11, C. 11 and D. 11)
• The increase o f numerical value of COV(each design variable) decreases the 
reliability index Py in the following order starting from most important to
least important: cohesion c, bending stiffness El, width o f the pile b, S50 and 
soil unit weight y (Figure A. 18, B. 18, C. 18 and D. 18).
• The variability o f COV(each design variable) for each value o f the applied 
load has little effect on changes o f reliability index Py and PM.
• In the presence o f constant load, the reliability index pM o f maximum 
bending moment demonstrates less sensitivity than the reliability index Py
of top deflection to the variability o f COV(each design variable) (Figure A. 
42, B. 42, C. 36 and D. 36).
• The uncertainty due to the extreme environmental parameters, in particular 
lateral force, is dominating, whereas the uncertainty in the soil parameters 
play a minor role in determining the reliability o f the system.
• The quantifying analysis o f the effect o f variability o f COV(each design 
variable) on COV(Mmax) is set in the following order starting from most 
significant to least significant: COV(c), COV(b), COV(EI)/COV(s5o), and 
COV(y) (Figure A. 35, B. 35, C. 29 and D. 29)
• The effect o f variability o f COV(each independent design variable) on the 
reliability index pM in the presence o f an arbitrary load o f constant value is
practically unchangeable, which means that it has constant value. (Figures A. 
42, B. 42, C. 36 and D. 36)
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6.2 Application of this study
In the view o f the somewhat limited data available for this study, some o f the 
conclusions may need to be interpreted with caution. Nevertheless, the simple 
probabilistic model proposed herein is sufficiently flexible to accommodate:
1. Additional factors that may influence pile capacity.
2. Changes in the statistics estimated for each o f the factors in view o f new 
data, information, and judgmental inputs from engineers.
3. Specific statistics and other factors pertinent to the given site condition and 
design practices.
4. Uncertainty analysis and reliability evaluation can be easily updated with 
this new information.
5. Aid the development o f design procedures which maintain consistent safety 
levels among different site conditions.
6. Assessing quantitatively the impact o f each change o f material properties in 
the changes o f performance of laterally loaded piles.
7. Assessing the ageing infrastructure system supported by the laterally loaded 
piles based on the deterioration rates o f the design variables involved in the 
infrastructure system. Including the in-service evaluation, nondestructive 
evaluation and monitoring o f the infrastructure systems.
6.3 Recommendation for future research
There is an increasing pressure on the geotechnical engineering community to evolve 
from the traditional working stress design approach to a more rational limit state design 
and reliability-based design approach. Additional research along the following directions 
will offer immediate benefits to the use o f reliability methods:
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1. Collecting o f detailed site exploration data to improve probabilistic 
modeling o f soil properties.
2. Collecting o f geotechnical performance data for completed structures, and 
for structural elements (e.g., pile) to verify design assumptions and update 
design parameters
3. Evaluation o f damages associated with various failure modes, and their 
effect on overall system integrity
4. Review o f existing state-of-practice and design criteria for geotechnical 
engineering to evaluate their adequacy in terms o f reliability.
5. The reliability analysis for the piles embedded in other type o f homogenous 
soils and combinations o f different layered soils.
110
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
REFERENCES
1. American Petroleum Institute “Recommended practice for planning, designing and 
constructing fixed offshore platforms. API Recommended Practice 2A (RP-2A), 17th 
Edition, 1987
2. Ang, A. H.-S. and Tang, W. H. (1975), “Probability Concepts in Engineering
Planning and Design: Volume 1. Basic Principles”, New York: Wiley
3. Ang, A. H.-S. and Tang, W. H. (1984), “Probability Concepts in Engineering
Planning and Design: Volume 2. Decision, Risk, and Reliability”, New York: Wiley
4. Ayyub, B. M. (1998), “Uncertainty Modeling and Analysis in Civil Engineering”, 
CRC Press LLC
5. Barakat, S. A., Malkawi, A. I., and Tahat, R. H. (1999), “Reliability-based 
optimization o f laterally loaded piles”, Structural Safety, 21: 45-64
6. Barnett, R.L. (1968), Hermann, P.C., “High Performance Structures”, NASA 
CR-1038.
7. Bea, R. G. (1983), “Characterization o f the reliability o f offshore piles subjected to 
axial loadings”, Proc. ASCE Struct. Congress, Houston, Tex., Oct.
8. Benjamin, J. R. and Cornell, C. A. (1970), “Probability, Statistics and Decision for 
Civil Engineers”, New York: McGraw-Hill
9. Broms, B. B. (1964a), “Lateral resistance o f piles in cohesive soils”, Journal o f the 
soil Mechanics and Foundation Division, ASCE 90(SM2): 27-63
10. Broms, B. B. (1964b), “Lateral resistance o f piles in cohesiveless soils”. Journal o f 
the soil Mechanics and Foundation Division, ASCE 90(SM3): 123-156
11. Broms, B. B. (1965), “Design o f laterally loaded piles”, Journal o f the Soil 
Mechanics and Foundations Division, ASCE 91(SM3): 77-99
111
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
12. Brown, D. A. and Shie, C. F. (1991), “Modification o f p-y curves to account for 
group effects o f laterally loaded piles.” Proceedings o f Geotechnical Engineering 
Congress 1991, ASCE 1 (Geotechnical Special Publication 27): 479-490
13. Brown, D. A., and Reese, L. C. (1985). “Behavior o f a large scale pile group 
subjected to cyclic lateral loading” Report to the Minerals Management Service, U.S. 
Dept, o f Interior, Reston, VA; Dept, o f Research, FHWA, Washington DC; and U.S. 
Army Engineer Waterways Experiment Station, Vicksburg, Mississippi.
14. Brown, D. A., Morrison, C., and Reese, L. C. (1988), “Lateral load behavior o f pile 
group in sand”, J. Geotechnical Engineering, 114(11), 1261-1276
15. Brown, D. A., Reese, L. C., and O ’Neil, M. W. (1987), “Cyclic lateral loading o f a 
large-scale pile group.” Journal o f Geotechnical Engineering, 113(11), 1326-1343
16. Brown, D. A., Shie, C. F. and Kumar, M. (1989) “p-y curves for laterally loaded piles 
derived from three dimensional finite element model. Proceedings o f the III 
International Symposium, Numerical Models in Geomechanics (NUMOG III), 
Niagara Falls, Canada. New York: Elsevier Applied Sciences: 683-690
17. Budkowska, B. B. and Suwamo, D. (2002) “Assessment o f horizontal loading o f pile 
group penetrating stiff clay below the water table-sensitivity analysis” International 
Symposium on Lowland Technology, 2002 (ISLT) Saga, Japan
18. Canadian Geotechnical Society, “Canadian Foundation Engineering Manual”, 
Bitech Publishers Ltd., Richmond, B. C. (Third Edition), 1993.
19. Canadian Institute o f Steel Construction (2000), “Hollow Structural Sections to 
ASTM A 500 Grade C”, ISBN 0-88811-092-8
20. Cornell, C. A. (1969), “A Probability-Based Structural Code.” ACI Journal. 974-985
21. Cox, W. R., Dixon, D. A., and Murphy, B. S. (1984), “Lateral-loaded tests on 
25.4-mm diameter piles in very soft clay in side-by-side and in-line groups”, 
Laterally Loaded Deep Foundations: Analysis and Performance, ASTM, STP 835, 
122-139
112
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
22. Davisson, M. T (1970), “Lateral load capacity o f piles,” Hwy. Res. No. 333. 
Transportation Research Board, National Research Council, Washington, D.C., 
104-112
23. Ditlevsen, O. (1996), “Structural Reliability Methods”, New York: Wiley
24. Duncan, J. M., Evans L. T. (1994), Jr. and R S. K. Ooi, “Lateral load analysis of 
single piles and drilled shafts”, Journal o f the Geotechnical Engineering Division, 
ASCE 120(5): 1018-1033
25. Ellingwood, B., MacGregor, J. G.., Galambos, T. V. and Cornell, C. A. (1982), 
“Probability Based Load Criteria: Load Factors and Load Combinations”, Journal o f 
the Structural Division (ASCE) 108, no. ST5, 978-997
26. Evans, L. T. and Duncan, Y. M. (1982), “Simplified analysis o f laterally loaded 
piles”, Report No. UCB/GT 82-04, Berkeley. Dept. Civil Engineering, University of 
California
27. Florida Bridge Software Institute, FB-Pier Version 3.01, Copyright © 2000, 
University o f Florida, http://bsi-web.ce.ufl.edu
28. Folse, M. D. (1989), “Reliability Analysis for Laterally Loaded Piling”, Journal o f 
Structural Engineering, Vol. 115, No. 5: 1011-1020
29. Gleser, S. M. (1953), “Lateral load tests on vertical fixed and free-head piles”. 
Symposium on lateral load tests on piles, ASTM Special Technical Publication 154: 
75-101
30. Hansen, P. F., Madsen, H. O., and Tjelta, T. I. (1995), “Reliability Analysis o f a Pile 
Design”, Marine Structures, 8: 171-198
31. Hart, G. C. (1982), “Uncertainty Analysis o f Loads and Safety in Structural 
Engineering”, Englewood Cliffs, NJ: Prentice Hall
32. Hetenyi, M. (1946), “Beams on elastic foundation”, Ann Arbor: the University of 
Michigan Press
33. Hrennikoff, A. (1950), “Analysis o f pile foundation with batter piles”. Transactions,
113
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ASCE: 115(2401)
34. Ilyas, T., Leung, C. F., Chow, Y. K. and Budi, S. S. (2004), “Centrifuge model study 
of laterally loaded pile groups in clay”, Journal o f Geotechnical and 
Geoenvironmental Engineering, ASCE / March 2004, 274-283
35. Karol, R. H. “Soils and soil engineering”, Englewood Cliffs: Prentice Hall, 1960
36. Kleiber, M., Antunez, H., Hien, T. D. and Kowalczyk, P. (1997), “Parameter 
Sensitivity in Nonlinear Mechanics, Theory and Finite Element Computation”, J. 
Wiley and Sons, Chichester
37. Kooijman, A. P. (1989), “Comparison of an elastoplastic quasi three-dimensional 
model for laterally loaded piles with field tests”. Proceedings o f the III International 
Symposium, Numerical Models in Geomechanics (NUMOG III), Niagara Falls, 
Canada, Elsevier Applied Science: New York: 675-682
38. Kulhawy, F. H., Birgisson, B., and Grigoriu, M. D. (1992), “Reliability-based 
foundation design for transmission line structures: transformation models for in situ 
tests”, Electric Power Research Institute, Palo Alto, Calif., Report EL-5507(4)
39. MathWorks Inc., Matlab program, Version 6.1.0.450, Release 12.1, Copyright 
1984-2001
40. Matlock, H. (1970), “Correlations for design of laterally loaded piles in soft clay”, 
Paper No. OTC 1204, Proceedings, Second Annual Offshore Technology Conference, 
Houston, Texas, Vol. 1, pp. 577-594
41. Matlock, H., and Reese, L.C. (1960), “Generalized Solutions for laterally Loaded 
Piles”, Journal o f the Soil Mechanics and Foundations Division, ASCE, Vol.86, No 
SM5, Proc.Paper 2626, pp.63-91
42. McCammon, G. A. and Asherman, J. C. (1953), “Resistance o f long hollow piles to 
lateral load”, Symposium on lateral load tests on piles, ASTM Special Technical 
Publication 154: 3-11
43. McClelland, B. and Focht J. A. Jr. (1958), “Soil modulus for laterally loaded piles.
114
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Transactions, ASCE 123: 1049-1086
44. McVay, M., Casper, R., and Shang, T. (1995), “Lateral response of three-row groups 
in loose to dense sands at 3D and 5D pile spacing”, ASCE Journal o f Geotechnical 
and Geoenvironmental Engineering, 121(5), 436-441
45. McVay, M., Zhang, L., Molnit , T. and Lai, P. (1998). “Centrifuge testing o f large 
laterally loaded pile groups in sand.” ASCE Journal o f Geotechnical and 
Geoenvironmental Engineering, 124 (10), 1016-1206
46. Meimom, Y., Baguelin, F., and Jezequel, J. F. (1986), “Pile group behavior under long 
time lateral monotonic and cyclic loading.”, Proceedings o f 3rd international 
conference on numerical methods in offshore piling, Institute Francais Du Petrole, 
Nantes, France, 286-302
47. Miller, I., Freund, J. E. and Johnson, R. A. (1990), “Probability and Statistics for 
Engineers”, Englewood Cliffs, NJ: Prentice Hall
48. Mokwa R. L., and Duncan, J. M. (2001a), “Experimental evaluation o f lateral-load 
resistance o f pile caps”, ASCE Journal o f Geotechnical and Geoenvironmental 
Engineering, 127(2), 185-192
49. Mokwa, R. L. and Duncan, J. M. (2001), “Laterally loaded Pile Group Effect and p-y 
multipliers”, Foundation and Ground Improvement (Proceedings o f specialty 
conference: June 9-13, 2001), Blacksburg, Virginia: 728-742
50. Morrison, C. and Reese, L. C. (1986) “A lateral load test o f full-scale pile group in 
sand”, GR86-1, FHWA, Washington D. C.
51.Nair, K., Gray, H., and Donovan, N. (1969), “Analysis o f Pile Group Behavior,” 
ASTM, STP 444: 229-261
52. Nowak, A. S. and Collins K. R. (2000), “Reliability o f Structures”, McGraw-Hill
53. Ooi, P. S. K., and Duncan, J. M. (1994), “Lateral load analysis o f groups o f piles and 
drilled shafts.”, Journal o f Geotechnical Engineering, Vol. 120, No. 6: 1034-1050
54. Phoon, K.-K. and Kulhawy, F. H. (1999), “Characterization o f geotechnical
115
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
variability”, Canadian Geotechnical Journal, 36: 612-624
55. Phoon, K.-K. and Kulhawy, F. H. (1999), “Evaluation o f geotechnical property 
variability”, Canadian Geotechnical Journal, 36: 625-639
56. Portugal, J. C. and Seco e Pinto, P. S. (1993), “Analysis and design o f piles under 
lateral loads.”, Proceedings o f the II International Geotechnical Seminar on Deep 
Foundations on Bored and Auger Piles (BAP II), Ghent, Belgium: 309-313
57. Poulos, H G, “Series in geotechnical engineering”, TA780.P66, 624.1’54, 80-14658 
ISBN 0-471-02084-2
58. Poulos, H. G. and Davis, E. H. (1980), “Pile foundation analysis and design”. New 
York: Wiley
59. Poulos, H. G. and Hull, T. S. (1989), “The role o f analytical mechanics in foundation 
engineering”, Foundation Engineering, Current Principles and Practices, ASCE 2: 
1578-1606
60. Reese, L. C. and Matlock, H. (1956) “Nondimensional solutions for laterally loaded 
piles with soil modulus assumed proportional to depth”, Proceedings o f VIII Texas 
Conference on Soil Mechanics and Foundation Engineering, 41 PP. University of 
Texas, Austin
61. Reese, L. C. and Welch, R. C. (1975), “Lateral loading of deep foundations in stiff 
clay”, Journal o f the Geotechnical Engineering Division, Proceedings o f the 
American Society o f Civil Engineers, Vol. 101, No. G T 7 ,1156 633-649, July, 1975
62. Reese, L. C., and Van Impe, W. F. (2001), “Single piles and groups under lateral 
loadings”. Balkema, Rotterdam
63. Reese, L. C., Hudson, B. S. and Smith, R. E. (1970), “Generalized Analysis o f Pile 
Foundations.” J.S.M.F.D., ASCE, vol. 96, SMI: 235
64. Rollins, K. P., Peterson, K. T., and Weaver, T. J. (1998), “Lateral Load Behavior of 
Full-Scale Pile Group in Clay”, ASCE Journal o f Geotechnical and 
Geoenvironmental Engineering, 124(6), 468-478
116
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
65. Ruesta, R R and Townsend, R C. (1997), “Evaluation o f laterally loaded pile group”, 
ASCE Journal o f Geotechnical and Geoenvironmental Engineering, 123(12), 
1153-1174
66. Ruiz, S. (1986), “Non-dimensional probabilistic coefficients for laterally loaded 
piles”, J. Structural Safety, 4: 41-47
67. Saul, W. E. (1968), “Static and Dynamic Analysis o f Pile Foundations.” J. Struct. Div., 
ASCE, Vol. 94, ST5: 1077-1100
68. Tandjira, V., The, C. I., and Low, B. K. (2000), “Reliability analysis o f laterally 
loaded piles using response surface methods”, J. Structural Safety, 22: 335-355
69. Tang, W H. and Gilbert, R. B. (1993), “Case Study of Offshore Pile System 
Reliability” the 25th Annual OTC, Houston, Texas, May: 677-686
70. Terzaghi, K. (1956), “Theoretical soil mechanics”, New York: Wiley.
71. Teughels A., Maeck J. and Roeck G. D. (2002), “Damage assessment by FE model 
updating using damage functions”, Computers and Structures, Volume 80, Issue 25, 
September 2002, Pages 1869-1879
72. U. S. Department o f Transportation, Federal Highway Administration, program 
“Analysis o f Laterally Loaded Piles and Drilled Shafts”, Version 2.0 (COM624P), 
FHWA-SA-91-002 (1993)
73. Vanmarcke, E. H. (1989), “Reliability in foundation engineering practice”, In 
Foundation engineering: current principles and practices (GSP 22). Edited by F. H. 
Kullawy. American Society of Civil Engineers, New York, 1658-1669
74. Wang, D., Chowdhury, M. R. and Haidar, A. (1997), “System Reliability Evaluation 
Considering Strength and Serviceability Requirements”, Computer & Structures Vol. 
62, No. 5: 883-896
75. Wang, S. T. and Reese, L. C. (1993), COM624P— Laterally Loaded Pile Analysis 
Program for the Microcomputer, Version 2.0, Report No. FHWA-SA-91-048, 
Washington, D. C.
117
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
76. Washizu, K. (1976), “Variational method in elasticity and plasticity”, Pergamon Press, 
Oxford
77. Welch, R. C. and Reese, L. C. (1972), “Lateral Loaded Behavior o f Drilled Shafts”, 
Report No. 3-5-65-99, conducted for Texas Highway Department and U.S. 
Department o f Transportation, Federal Highway Administration, Bureau o f Public 
Roads by center for Highway Research
78. Yegian, M. and Wright, S. G. (1973), “Lateral soil resistance-displacement 
relationships for pile foundation in soft clays”, Proceedings o f the Offshore 
Technology Conference, Houston, Texas, II (OTC 1893): 663-676
118
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX A. Typical results of the reliability analysis for a 
free head single long pile embedded in the soft clay below water 
table, subjected to cyclic lateral concentrated forces, with pile 
length L=10T=23.5m
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Figure A. 1 Variability of yx vs. E l for single free head long pile of length 10T 
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Figure A. 2 Variability of yT vs. b for single free head long pile of length 10T 
subjected to lateral force, when COV(b) = 40%
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Figure A. 3 Variability of yx vs. S50 for single free head long pile of length 10T 
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Figure A. 4 Variability of yx vs. c for single free head long pile of length 10T 
subjected to lateral force, when COV(c) = 40%
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Figure A. 5 Variability of yx vs. y for single free head long pile of length 10T 
subjected to lateral force, when COV(y) = 40%
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A. 1.2 COV(yT) vs. COV(Variables)
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Figure A. 6  Variability of COV(yx) vs. COV(EI) for single free head long pile of 









Figure A. 7 Variability of COV(yx) vs. COV(b) for single free head long pile of length 
10T subjected to lateral force of discrete variability.
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Figure A. 8  Variability of COV(yx) vs. COVfeo) for single free head long pile of 
length 10T subjected to lateral force of discrete variability.
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Figure A. 9 Variability of COV(yx) vs. COV(c) for single free head long pile of length 
10T subjected to lateral force of discrete variability.
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Figure A. 10 Variability of COV(yx) vs. COV(y) for single free head long pile of 





Figure A. 11 Variability of COV(yx) vs. COV(Variables) for single free head long pile 
of length 10T subjected to lateral force, P =  150kN
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Figure A. 12 COV(yx) vs. Later Force for single free head long pile of length 10T 
subjected to lateral force, when COV(Variables) = 20%
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Figure A. 13 Reliability Index, p of Top Deflection vs. COV(EI) for single free head 





12 16 20 24
COV(b) [%]
28 32 36 40
Figure A. 14 Reliability Index, p of Top Deflection vs. COV(b) for single free head 
long pile of length 10T subjected to lateral force of discrete variability
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Figure A. 15 Reliability Index, P of Top Deflection vs. COV(s50) for single free head
long pile of length 10T subjected to lateral force of discrete variability
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Figure A. 16 Reliability Index, p of Top Deflection vs. COV(c) for single free head 
long pile of length 10T subjected to lateral force of discrete variability
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Figure A. 17 Reliability Index, P of Top Deflection vs. COV(y) for single free head 









Figure A. 18 Reliability Index, p of Top Deflection vs. COV(Variables) for single free 
head long pile of length 10T subjected to lateral force, P =  lOOkN
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Figure A. 19 Probability of Failure, Pf.y of Top Deflection vs. COV(EI) for single free 
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Figure A. 20 Probability of Failure, Pf.y of Top Deflection vs. COV(b) for single free 
head long pile of length 10T subjected to lateral force of discrete variability
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Figure A. 21 Probability of Failure, Pf.y of Top Deflection vs. COVfeo) for single free 
head long pile of length 10T subjected to lateral force of discrete variability
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Figure A. 22 Probability of Failure, Pf.y of Top Deflection vs. COV(c) for single free 
head long pile of length 10T subjected to lateral force of discrete variability
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Figure A. 23 Probability of Failure, Pf.y of Top Deflection vs. COV(y) for single free 
head long pile of length 10T subjected to lateral force of discrete variability
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36 40
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Figure A. 24 Probability of Failure, Pf.y of Top Deflection vs. COV(Variables) for 
single free head long pile of length 10T subjected to lateral force, P = lOOkN
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A. 1.4 Calculation tables of top deflection
Table A. 1 COV(Yt0p) vs. COV(EI) for single long pile of length L=10T, free head 
subjected to lateral force of discrete variability
Variability o f  COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Standard Deviation o f Ytop, SD(Ytop) [m]
50 0.000 0.000 0.001 0.001 0.001 0.001 0.002 0.002 0.002 0.002
100 0.001 0.002 0.002 0.003 0.004 0.005 0.006 0.007 0.007 0.009
150 0.002 0.003 0.005 0.007 0.008 0.010 0.012 0.014 0.016 0.019
200 0.004 0.009 0.013 0.018 0.023 0.029 0.035 0.042 0.050 0.060
250 0.020 0.042 0.068 0.096 0.121 0.146 0.169 0.194 0.220 0.246
Variability o f COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f Ytop, E(Ytop) [m]
50 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009
100 0.033 0.033 0.033 0.033 0.033 0.033 0.033 0.033 0.033 0.033
150 0.069 0.069 0.069 0.069 0.069 0.069 0.069 0.069 0.069 0.069
200 0.129 0.129 0.129 0.129 0.129 0.129 0.129 0.129 0.129 0.129
250 0.285 0.285 0.285 0.285 0.285 0.285 0.285 0.285 0.285 0.285
Variability o f COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f Variation o f Ytop, COV(Ytop) [%]
50 2.267 4.552 6.868 9.237 11.677 14.218 16.881 19.696 22.702 25.908
100 2.298 4.617 6.986 9.408 11.879 14.419 17.066 19.859 22.847 26.065
150 2.305 4.631 7.016 9.482 12.039 14.668 17.409 20.350 23.681 27.289
200 3.438 6.854 10.367 14.020 18.134 22.550 27.238 32.575 38.971 46.372
250 6.908 14.659 23.984 33.553 42.552 51.200 59.305 68.026 77.078 86.151
Top Deflection Capacity Probability Distribution : E(Yall0W) = 0.100 [m], COV(Yali0W) = 20 [% ,p>2
Variability o f COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Reliability Index o f Yt0Pj P
50 4.544 4.543 4.542 4.540 4.538 4.535 4.531 4.526 4.520 4.513
100 3.357 3.349 3.337 3.320 3.297 3.269 3.235 3.194 3.145 3.088
150 1.536 1.522 1.498 1.464 1.423 1.374 1.320 1.260 1.192 1.121
200 -1.406 -1.318 -1.198 -1.069 -0.937 -0.817 -0.713 -0.620 -0.533 -0.457
250 -6.597 -3.996 -2.599 -1.894 -1.506 -1.257 -1.087 -0.950 -0.839 -0.751
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Table A. 2 COV(Ytop) vs. COV(b) for single long pile of length L=10T, free head
subjected to lateral force of discrete variability
Variability o f COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation o f Y top, SD(Ytop) [m]
50 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.002 0.002 0.002
100 0.001 0.001 0.002 0.003 0.003 0.004 0.005 0.006 0.006 0.007
150 0.001 0.003 0.004 0.006 0.008 0.010 0.013 0.016 0.021 0.027
200 0.006 0.012 0.019 0.028 0.037 0.051 0.070 0.095 0.114 0.130
250 0.037 0.080 0.110 0.132 0.152 0.172 0.190 0.210 0.237 0.267
Variability o f COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Mean(Expected) Value o f Ytop, E(Ytop) [m]
50 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009
100 0.033 0.033 0.033 0.033 0.033 0.033 0.033 0.033 0.033 0.033
150 0.069 0.069 0.069 0.069 0.069 0.069 0.069 0.069 0.069 0.069
200 0.129 0.129 0.129 0.129 0.129 0.129 0.129 0.129 0.129 0.129
250 0.285 0.285 0.285 0.285 0.285 0.285 0.285 0.285 0.285 0.285
Variability o f COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Coefficient o f Variation o f Ytop, COV(Ytop [% ]
50 2.107 4.229 6.369 8.520 10.687 12.909 15.146 17.461 20.008 22.663
100 1.998 4.015 6.012 8.034 10.131 12.371 14.666 17.047 19.694 22.479
150 1.988 4.078 6.266 8.775 11.545 14.871 18.892 23.849 30.531 38.974
200 4.722 9.638 15.043 21.482 28.882 39.735 54.425 73.779 88.882 100.802
250 12.867 27.938 38.616 46.430 53.286 60.181 66.647 73.467 82.942 93.537
Top Deflection Capacity Probability Distribution : E(Yauow) =  0.100 [m], COV(Yauow) =  20 [%], p>2
Variability o f  COV(b) [%] 4% 8% 12% 16% 20% 24% 28% | 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Reliability Index o f Yt0Pi p
50 4.544 4.543 4.542 4.541 4.539 4.536 4.533 4.530 4.525 4.520
100 3.357 3.352 3.343 3.330 3.314 3.292 3.266 3.235 3.196 3.151
150 1.537 1.526 1.506 1.475 1.431 1.370 1.290 1.189 1.060 0.918
200 -1.378 -1.224 -1.035 -0.844 -0.682 -0.524 -0.395 -0.297 -0.248 -0.219
250 -4.432 -2.255 -1.655 -1.383 -1.208 -1.072 -0.969 -0.880 -0.780 -0.692
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Table A. 3 COV(Ytop) vs. COV(sso) for single long pile of length L=10T, free head
subjected to lateral force of discrete variability
Variability o f COV(850) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation o f Ytop, SD(Ytop) [m]
50 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.002
100 0.001 0.001 0.002 0.002 0.003 0.003 0.004 0.004 0.005 0.006
150 0.001 0.002 0.004 0.005 0.006 0.007 0.008 0.009 0.010 0.011
200 0.001 0.002 0.002 0.003 0.004 0.004 0.004 0.005 0.004 0.004
250 0.008 0.018 0.031 0.044 0.053 0.061 0.065 0.069 0.073 0.074
Variability o f  COV(e50) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f Ytop, E(Ytop) [m]
50 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009
100 0.033 0.033 0.033 0.033 0.033 0.033 0.033 0.033 0.033 0.033
150 0.069 0.069 0.069 0.069 0.069 0.069 0.069 0.069 0.069 0.069
200 0.129 0.129 0.129 0.129 0.129 0.129 0.129 0.129 0.129 0.129
250 0.285 0.285 0.285 0.285 0.285 0.285 0.285 0.285 0.285 0.285
Variability of COV(e50) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f Variation o f Ytop, COV(Ytop) [%]
50 1.735 3.470 5.207 6.946 8.684 10.418 12.148 13.877 15.613 17.380
100 1.704 3.404 5.085 6.765 8.473 10.199 11.944 13.702 15.466 17.238
150 1.698 3.394 5.074 6.732 8.386 10.072 11.777 13.457 15.026 16.593
200 0.570 1.209 1.827 2.420 2.761 3.049 3.400 3.573 3.389 3.016
250 2.877 6.403 11.006 15.340 18.681 21.217 22.809 24.320 25.477 26.047
Top Deflection Capacity Probability Distribution : E(Yau„w) =  0.100 [m], COV(Yail0W) =  20 [% ,P>2
Variability o f COV(e50) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Reliability Index o f Y ^ P
50 4.544 4.544 4.543 4.542 4.541 4.539 4.537 4.535 4.533 4.530
100 3.358 3.354 3 3 4 7 3.339 3.327 3.313 3.296 3.277 3.256 3.232
150 1.538 1.530 1.518 1.501 1.480 1.455 1.427 1.397 1.367 1.336
200 -1.440 -1.436 -1.431 -1.423 -1.418 -1.414 -1.407 -1.404 -1.407 -1.414
250 -8.568 -6.839 -4.976 -3.850 -3.254 -2.906 -2.721 -2.566 -2.458 -2.407
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Table A. 4 COV(Ytop) vs. COV(c) for single long pile of length L=10T, free head
subjected to lateral force of discrete variability
Variability o f COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Standard Deviation o f Ytop, SD(Ytop) [m]
50 0.000 0.001 0.001 0.002 0.002 0.003 0.003 0.004 0.004 0.005
100 0.002 0.003 0.005 0.006 0.008 0.010 0.011 0.013 0.016 0.018
150 0.003 0.006 0.010 0.013 0.017 0.021 0.026 0.031 0.037 0.045
200 0.009 0.017 0.027 0.037 0.049 0.063 0.081 0.104 0.135 0.176
250 0.037 0.081 0.121 0.155 0.187 0.220 0.253 0.287 0.325 0.370
Variability o f COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f Ytop, E(Ytop) [m]
50 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009
100 0.033 0.033 0.033 0.033 0.033 0.033 0.033 0.033 0.033 0.033
150 0.069 0.069 0.069 0.069 0.069 0.069 0.069 0.069 0.069 0.069
200 0.129 0.129 0.129 0.129 0.129 0.129 0.129 0.129 0.129 0.129
250 0.285 0.285 0.285 0.285 0.285 0.285 0.285 0.285 0.285 0.285
Variability o f  COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Coefficient o f  Variation o f Ytop, COV(Ytop) [%]
50 4.733 9.459 14.149 19.029 24.139 29.563 35.330 41.318 47.980 55.346
100 4.600 9.184 13.937 18.837 23.913 29.130 34.843 41.053 47.638 54.925
150 4.602 9.209 14.070 19.033 24.680 30.738 37.419 45.249 54.168 65.181
200 6.664 13.525 20.852 28.761 38.325 49.053 62.710 80.806 105.123 136.947
250 12.948 28.265 42.455 54.233 65.574 77.064 88.596 100.640 113.951 129.606
Top Deflection Capacity Probability Distribution : E(Yau0W) =  0.100 [m], COV(YaUow) =  20 [%], p>2
Variability o f  CO V(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Reliability Index o f Ytop> P
50 4.543 4.540 4.535 4.527 4.517 4.503 4.486 4.466 4.439 4.406
100 3.350 3.322 3.275 3.209 3.127 3.031 2.916 2.786 2.646 2.495
150 1.522 1.468 1.386 1.287 1.172 1.056 0.942 0.830 0.726 0.625
200 -1.324 -1.086 -0.860 -0.684 -0.541 -0.435 -0.346 -0.272 -0.210 -0.162
250 -4.410 -2.230 -1.509 -1.188 -0.985 -0.839 -0.731 -0.644 -0.569 -0.500
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Table A. 5 COV(Ytop) vs. COV(y) for single long pile of length L=10T, free head
subjected to lateral force of discrete variability
Variability o f  COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Standard Deviation o f Ytop, SD(Ytop) [m]
50 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.001
100 0.000 0.001 0.001 0.001 0.002 0.002 0.002 0.003 0.003 0.004
150 0.001 0.001 0.002 0.003 0.004 0.004 0.005 0.006 0.007 0.008
200 0.002 0.004 0.006 0.008 0.010 0.013 0.015 0.017 0.020 0.023
250 0.010 0.021 0.033 0.044 0.061 0.080 0.098 0.117 0.133 0.148
Variability o f  COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f  YtoP, E :Ytop) M
50 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009
100 0.033 0.033 0.033 0.033 0.033 0.033 0.033 0.033 0.033 0.033
150 0.069 0.069 0.069 0.069 0.069 0.069 0.069 0.069 0.069 0.069
200 0.129 0.129 0.129 0.129 0.129 0.129 0.129 0.129 0.129 0.129
250 0.285 0.285 0.285 0.285 0.285 0.285 0.285 0.285 0.285 0.285
Variability of COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f Variation o f Ytop, COV(Ytop) [%]
50 1.039 2.076 3.104 4.131 5.151 6.157 7.149 8.149 9.152 10.176
100 1.075 2.145 3.188 4.225 5.272 6.342 7.439 8.554 9.650 10.772
150 1.075 2.148 3.206 4.276 5.345 6.416 7.523 8.652 9.782 10.913
200 1.698 3.318 4.894 6.459 8.078 9.742 11.566 13.551 15.516 17.579
250 3.645 7.339 11.507 15.522 21.372 28.104 34.212 40.880 46.775 52.006
Top Deflection Capacity Probability Distribution : E(Yan0W) =  0.100 [m], COV(Yal|0W) =  20 [% ,P>2
Variability o f COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Reliability Index o f Yt0Pi P
50 4.544 4.544 4.544 4.543 4.543 4.542 4.542 4.541 4.540 4.539
100 3.359 3.357 3.354 3351 3 3 4 7 334 1 3.334 3.326 3.318 3.308
150 1.540 1.537 1.532 1.524 1.515 1.504 1.491 1.476 1.460 1.442
200 -1.432 -1.409 -1.374 -1.330 -1.278 -1.220 -1.155 -1.085 -1.019 -0.954
250 -8.217 -6.398 -4.819 -3.813 -2.887 -2.242 -1.859 -1.566 -1.373 -1.237
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Figure A. 25 Variability of Mmax vs. E l for single free head long pile of length 10T 
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Figure A. 26 Variability of Mmax vs. b for single free head long pile of length 10T 
subjected to lateral force, when COV(EI) = 40%
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Figure A. 27 Variability of Mmax vs. S50 for single free head long pile of length 10T 
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Figure A. 28 Variability of Mmax vs. c for single free head long pile of length 10T 
subjected to lateral force, when COV(EI) = 40%
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Figure A. 29 Variability of Mmax vs. y for single free head long pile of length 10T 
subjected to lateral force, when COV(EI) = 40%
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A.2.2 COV( M m a x )  VS. COV(Variables)
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Figure A. 30 Variability of COV(Mmax) vs. COV(EI) for single free head long pile of 








Figure A. 31 Variability of COV(Mmax) vs. COV(b) for single free head long pile of 
length 10T subjected to lateral force of discrete variability
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Figure A. 32 Variability of COV(Mmax) vs. COV(s5o) for single free head long pile of 
length 10T subjected to lateral force of discrete variability
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Figure A. 33 Variability of COV(Mmax) vs. COV(c) for single free head long pile of 
length 10T subjected to lateral force of discrete variability
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Figure A. 34 Variability of COV(Mmax) vs. COV(y) for single free head long pile of 





Figure A. 35 Variability of COV(Mmax) vs. COV(VariabIes) for single free head long 
pile of length 10T subjected to lateral force, P =  150kN
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Figure A. 36 COV(Mmax) vs. Later Force for single free head long pile of length 10T 
subjected to lateral force, when COV(Variables) = 20%
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Figure A. 37 Reliability Index, p of Bending Moment vs. COV(EI) for single free 
head long pile of length 10T subjected to lateral force of discrete variability
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Figure A. 38 Reliability Index, p of Bending Moment vs. COV(b) for single free head 
long pile of length 10T subjected to lateral force of discrete variability
145















Figure A. 39 Reliability Index, (3 of Bending Moment vs. COV(e5o) for single free 
head long pile of length 10T subjected to lateral force of discrete variability
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Figure A. 40 Reliability Index, p of Bending Moment vs. COV(c) for single free head 
long pile of length 10T subjected to lateral force of discrete variability
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Figure A. 41 Reliability Index, p of Bending Moment vs. COV(y) for single free head
long pile of length 10T subjected to lateral force of discrete variability
20 24
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Figure A. 42 Reliability Index, p of Bending Moment vs. COV(Variables) for single 
free head long pile of length 10T subjected to lateral force, P = lOOkN
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Figure A. 43 Probability of Failure of Bending Moment Pf.M vs. COV(EI) for single 







Figure A. 44 Probability of Failure of Bending Moment Pf.M vs. COV(b) for single 
free head long pile of length 10T subjected to lateral force of discrete variability
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Figure A. 45 Probability of Failure of Bending Moment Pf.M vs. COVfeo) for single 










Figure A. 46 Probability of Failure of Bending Moment Pf.M vs. COV(c) for single 
free head long pile of length 10T subjected to lateral force of discrete variability
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Figure A. 47 Probability of Failure of Bending Moment Pf.M vs. COV(y) for single 
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Figure A. 48 Probability of Failure of Bending Moment Pf.M vs. COV(Variables) for 
single free head long pile of length 10T subjected to lateral force, P = lOOkN
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A.2.4 Calculation tables of bending moment
Table A. 6 COV(Mmax) vs. COV(EI) for single long pile of length L=10T, free head 
subjected to lateral force of discrete variability
Variability o f COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Standard Deviation o f M ^ , SD(Mmax) [kN.m]
50 0.429 0.860 1.296 1.740 2.193 2.662 3.150 3.661 4.198 4.775
100 1.116 2.229 3.364 4.517 5.663 6.813 7.981 9.184 10.445 11.771
150 1.675 3.368 5.105 6.985 8.775 10.559 12.363 14.119 15.618 17.164
200 0.836 1.504 2.227 3.013 4.449 6.094 7.703 9.939 13.271 17.337
250 16.519 35.271 58.045 79.639 96.628 109.135 117.798 125.427 131.787 136.133
Variability o f COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f  M ^ , E(Mmax) [kN.m]
50 78.114 78.114 78.114 78.114 78.114 78.114 78.114 78.114 78.114 78.114
100 191.097 191.097 191.097 191.097 191.097 191.097 191.097 191.097 191.097 191.097
150 323.283 323.283 323.283 323.283 323.283 323.283 323.283 323.283 323.283 323.283
200 496.340 496.340 496.340 496.340 496.340 496.340 496.340 496.340 496.340 496.340
250 824.046 824.046 824.046 824.046 824.046 824.046 824.046 824.046 824.046 824.046
Variability o f COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Coefficient o f Variation o f Mmax, COV(Mmax) [%]
50 0.549 1.102 1.660 2.227 2.808 3.408 4.032 4.686 5.374 6.113
100 0.584 1.166 1.761 2.364 2.964 3.565 4.177 4.806 5.466 6.160
150 0.518 1.042 1.579 2.161 2.714 3.266 3.824 4.367 4.831 5.309
200 0.168 0.303 0.449 0.607 0.896 1.228 1.552 2.003 2.674 3.493
250 2.005 4.280 7.044 9.664 11.726 13.244 14.295 15.221 15.993 16.520
Bending Moment Capacity Probability Distribution : E(MP) =  894 [kN.m], COV(Mp) =  20 [%1
Variability o f COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Reliability Index o f Mmax P
50 4.563 4.563 4.563 4.563 4.563 4.563 4.562 4.562 4.562 4.561
100 3.931 3.931 3.931 3.930 3.929 3.928 3.927 3.926 3.925 3.923
150 3.192 3.191 3.191 3.189 3.188 3.186 3.184 3.182 3.180 3.177
200 2.224 2.224 2.224 2.224 2.223 2.223 2.222 2.221 2.218 2.214
250 0.390 0.384 0.372 0.357 0.344 0.334 0.327 0.320 0.315 0.311
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Table A. 7 COV(Mmax) vs. COV(b) for single long pile of length L=10T, free head
subjected to lateral force of discrete variability
Variability o f COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation o f M ^ , SD(M,nax) [kN.m]
50 0.68 1.36 2.04 2.72 3.41 4.09 4.78 5.50 6.20 6.89
100 1.56 3.10 4.67 6.23 7.75 9.17 10.59 11.98 13.35 14.72
150 2.22 4.56 7.08 10.20 13.84 18.36 23.72 29.95 37.88 47.46
200 11.30 23.11 35.34 49.99 66.04 86.34 112.94 142.68 160.32 169.84
250 52.44 108.14 142.48 165.53 183.06 197.82 210.32 222.21 235.87 250.71
Variability o f  COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f Mniax, E(Mmax) [kN.m]
50 78.11 78.11 78.11 78.11 78.11 78.11 78.11 78.11 78.11 78.11
100 191.10 191.10 191.10 191.10 191.10 191.10 191.10 191.10 191.10 191.10
150 323.28 323.28 323.28 323.28 323.28 323.28 323.28 323.28 323.28 323.28
200 496.34 496.34 496.34 496.34 496.34 496.34 496.34 496.34 496.34 496.34
250 824.05 824.05 824.05 824.05 824.05 824.05 824.05 824.05 824.05 824.05
Variability o f COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f Variation o f M » * , COVtM™*) [% ]
50 0.874 1.744 2.614 3.488 4.366 5.241 6.125 7.044 7.939 8.819
100 0.815 1.622 2.443 3.261 4.054 4.800 5.539 6.269 6.986 7.704
150 0.686 1.410 2.191 3.155 4.282 5.680 7.336 9.264 11.716 14.681
200 2.277 4.657 7.120 10.072 13.306 17.395 22.755 28.746 32.301 34.218
250 6.364 13.123 17.290 20.088 22.215 24.006 25.523 26.965 28.623 30.425
Bending Moment Capacity Probability Distribution : E(MP) = 894 [kN.m], COV(Mp) = 20 % ]
Variability o f COV(b) [%] 4% 8% 12% 16% I 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Reliability Index o f MraaXj P
50 4.563 4.563 4.563 4.563 4.562 4.562 4.561 4.561 4.560 4.560
100 3.931 3.931 3.930 3.929 3.928 3.926 3.924 3.922 3.920 3.918
150 3.192 3.191 3.189 3.187 3.182 3.175 3.164 3.148 3.123 3.085
200 2.220 2.206 2.182 2.142 2.086 2.003 1.880 1.738 1.656 1.613
250 0.375 0.335 0.306 0.287 0.273 0.262 0.253 0.245 0.236 0.227
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Table A. 8 COV(Mmax) vs. COVfeo) for single long pile of length L=10T, free head
subjected to lateral force of discrete variability
Variability o f COV(e50) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation o f Mmax SD(Mmax) [kN.m]
50 0.43 0.86 1.30 1.74 2.19 2.66 3.15 3.66 4.20 4.78
100 1.12 2.23 3.36 4.52 5.66 6.81 7.98 9.18 10.44 11.77
150 1.68 3.37 5.11 6.99 8.77 10.56 12.36 14.12 15.62 17.16
200 0.84 1.50 2.23 3.01 4.45 6.09 7.71 9.94 13.27 17.34
250 16.49 35.26 58.05 79.64 96.61 109.16 117.81 125.43 131.78 136.13
Variability o f  COV(e50) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Mean(Expected) Value o f Minax, E(Mmax) [kN.m]
50 78.11 78.11 78.11 78.11 78.11 78.11 78.11 78.11 78.11 78.11
100 191.10 191.10 191.10 191.10 191.10 191.10 191.10 191.10 191.10 191.10
150 323.28 323.28 323.28 323.28 323.28 323.28 323.28 323.28 323.28 323.28
200 496.34 496.34 496.34 496.34 496.34 496.34 496.34 496.34 496.34 496.34
250 824.05 824.05 824.05 824.05 824.05 824.05 824.05 824.05 824.05 824.05
Variability o f  COV(e50) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f Variation o f M COV(Mnjax) [%]
50 0.549 1.102 1.659 2.227 2.808 3.408 4.032 4.686 5.374 6.113
100 0.584 1.166 1.761 2.364 2.964 3.565 4.176 4.806 5.466 6.160
150 0.518 1.042 1.580 2.161 2.714 3.266 3.824 4.367 4.831 5.308
200 0.169 0.303 0.449 0.607 0.896 1.227 1.553 2.003 2.674 3.494
250 2.001 4.279 7.044 9.664 11.724 13.246 14.296 15.221 15.992 16.520
Bending Moment Capacity Probability Distribution : E(MP) = 894 [kN.m], COV(Mp) = 20 % ]
Variability o f  COV(e50) [%] 4% 8% 12% 16% 20% 24% 28% 32% | 36% 40%
Lateral Force [KN] Numerical Value o f Reliability Index o f Mmav p
50 4.563 4.563 4.563 4.563 4.563 4.563 4.562 4.562 4.562 4.561
100 3.931 3.931 3.931 3.930 3.929 3.928 3.927 3.926 3.925 3.923
150 3.192 3.191 3.191 3.189 3.188 3.186 3.184 3.182 3.180 3.177
200 2.224 2.224 2.224 2.224 2.223 2.223 2.222 2.221 2.218 2.214
250 0.390 0.384 0.372 0.357 0.344 0.334 0.327 0.320 0.315 0.311
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Table A. 9 COV(M max) vs. COV(c) for single long pile of length L=10T, free head
subjected to lateral force of discrete variability
Variability o f  COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Standard Deviation o f Mmax, SD(Mrnax) [kN.m]
50 1.23 2.48 3.79 5.28 6.78 8.28 9.79 11.35 12.88 14.30
100 3.14 6.34 9.45 12.58 15.78 19.11 22.30 25.55 29.36 33.18
150 4.65 9.86 15.42 21.03 27.05 33.30 40.44 48.32 57.50 67.25
200 13.52 27.39 42.77 58.77 76.06 94.26 116.20 142.53 174.70 211.32
250 48.70 102.87 147.37 181.65 209.56 234.57 256.24 277.58 297.89 320.15
Variability o f  COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f  Mmax, E(Mmax) [kN.m]
50 78.11 78.11 78.11 78.11 78.11 78.11 78.11 78.11 78.11 78.11
100 191.10 191.10 191.10 191.10 191.10 191.10 191.10 191.10 191.10 191.10
150 323.28 323.28 323.28 323.28 323.28 323.28 323.28 323.28 323.28 323.28
200 496.34 496.34 496.34 496.34 496.34 496.34 496.34 496.34 496.34 496.34
250 824.05 824.05 824.05 824.05 824.05 824.05 824.05 824.05 824.05 824.05
Variability o f  COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f Variation o f Mmax, COV(Mmax) [% ]
50 1.572 3.168 4.851 6.765 8.684 10.601 12.527 14.535 16.494 18.302
100 1.644 3.316 4.944 6.584 8.260 9.998 11.670 13.369 15.364 17.363
150 1.440 3.051 4.769 6.506 8.369 10.300 12.510 14.947 17.787 20.802
200 2.724 5.518 8.617 11.840 15.324 18.991 23.411 28.717 35.198 42.576
250 5.910 12.483 17.884 22.043 25.430 28.466 31.095 33.686 36.149 38.851
Bending Moment Capacity Probability Distribution : E(MP) = 894 [kN.m], COV(Mp) = 20 % ]
Variability o f  COV(c) [%] 4% 8% 12% 16% | 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Reliability Index o f Mmax, P
5 0 4.563 4.563 4.562 4.561 4.560 4.558 4.556 4.554 4.551 4.549
100 3.931 3.929 3.926 3.922 3.916 3.909 3.901 3.892 3.879 3.865
150 3.191 3.187 3.180 3.170 3.156 3.138 3.113 3.081 3.039 2.988
200 2.218 2.198 2.163 2.113 2.047 1.967 1.865 1.739 1.591 1.437
250 0.377 0.339 0.302 0.274 0.254 0.237 0.224 0.212 0.201 0.191
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Table A. 10 COV(Mmax) vs. COV(y) for single long pile of length L=10T, free head
subjected to lateral force of discrete variability
Variability o f COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation of SD(Mrnax) [kN.m]
50 0.13 0.27 0.41 0.54 0.69 0.84 0.99 1.14 1.30 1.45
100 0.52 1.04 1.58 2.13 2.68 3.20 3.71 4.20 4.71 5.21
150 0.86 1.73 2.61 3.63 4.71 5.80 6.85 7.89 9.06 10.26
200 3.51 6.83 10.18 13.54 16.92 20.72 24.73 29.03 33.32 37.70
250 15.83 31.86 48.82 64.99 88.80 114.56 136.46 159.74 179.74 196.46
Variability o f COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f E(Mmax) [kN.m]
50 78.11 78.11 78.11 78.11 78.11 78.11 78.11 78.11 78.11 78.11
100 191.10 191.10 191.10 191.10 191.10 191.10 191.10 191.10 191.10 191.10
150 323.28 323.28 323.28 323.28 323.28 323.28 323.28 323.28 323.28 323.28
200 496.34 496.34 496.34 496.34 496.34 496.34 496.34 496.34 496.34 496.34
250 824.05 824.05 824.05 824.05 824.05 824.05 824.05 824.05 824.05 824.05
Variability o f COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f Variation o f M, COV(Mmax [% ]
50 0.171 0.342 0.519 0.697 0.880 1.070 1.269 1.465 1.662 1.854
100 0.273 0.543 0.825 1.115 1.401 1.676 1.939 2.196 2.465 2.728
150 0.267 0.534 0.809 1.122 1.456 1.794 2.120 2.440 2.804 3.173
200 0.708 1.376 2.051 2.728 3.409 4.174 4.982 5.849 6.713 7.595
250 1.921 3.866 5.924 7.887 10.776 13.902 16.560 19.385 21.812 23.841
Bending Moment Capacity Probability Distribution : E(MP) = 894 [kN.m], COV(Mp) = 20 % ]
Variability o f COV(y) [%] 4% 8% 12% 16% | 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Reliability Index o f Mmax> (3
50 4.563 4.563 4.563 4.563 4.563 4.563 4.563 4.563 4.563 4.563
100 3.931 3.931 3.931 3.931 3.931 3.931 3.930 3.930 3.930 3.930
150 3.192 3.192 3.192 3.191 3.191 3.190 3.190 3.189 3.188 3.187
200 2.224 2.222 2.220 2.218 2.214 2.209 2.203 2.195 2.186 2.176
250 0.390 0.385 0.377 0.368 0.350 0.329 0.311 0.292 0.276 0.263
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APPENDIX B. Typical results of the reliability analysis for a 
fixed head single long pile embedded in the soft clay below water 
table, subjected to cyclic lateral concentrated forces, with pile 
length L= 10T=23. 5m
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Figure B. 1 Variability of yx vs. E l for single fixed head long pile of length 10T 
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Figure B. 2 Variability of yx vs. b for single fixed head long pile of length 10T 
subjected to lateral force, when COV(b) = 40%
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Figure B. 3 Variability of yx vs. £ 5 0  for single fixed head long pile of length 10T 
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Figure B. 4 Variability of yx vs. c for single fixed head long pile of length 10T 
subjected to lateral force, when COV(c) = 40%
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Figure B. 5 Variability of yx vs. y for single fixed head long pile of length 10T 
subjected to lateral force, when COV(y) = 40%
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B.1.2 COV(yT) v s .  COV(Variables)
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Figure B. 6 Variability of COV(yx) vs. COV(EI) for single fixed head long pile of 
length 10T subjected to lateral force of discrete variability.
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Figure B. 7 Variability of COV(yx) vs. COV(b) for single fixed head long pile of 
length 10T subjected to lateral force of discrete variability.
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Figure B. 8 Variability of COV(yx) vs. COVfoo) for single fixed head long pile of 
length 10T subjected to lateral force of discrete variability.




-B -  250KN 
300kN
60
20 28 32 36 40
COV(c) (%]
Figure B. 9 Variability of COV(yx) vs. COV(c) for single fixed head long pile of 
length 10T subjected to lateral force of discrete variability.
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Figure B. 10 Variability of COV(yT) vs. COV(y) for single fixed head long pile of 
length 10T subjected to lateral force of discrete variability.
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Figure B. 11 Variability of COV(yx) vs. COV(Variables) for single fixed head long 
pile of length 10T subjected to lateral force, P = 150kN
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Figure B. 12 COV(yx) vs. Later Force for single fixed head long pile of length 10T 
subjected to lateral force, when COV(Variables) = 20%
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B.1.3 Reliability index of top deflection vs. COV(Variables)
- e -  50kN 
100kN 
• H -  150kN 
200kN 
—b — 250kN 
- e -  300kN
COV(EI) [%]
Figure B. 13 Reliability Index, (3 of Top Deflection vs. COV(EI) for single fixed head 
long pile of length 10T subjected to lateral force of discrete variability
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Figure B. 14 Reliability Index, p of Top Deflection vs. COV(b) for single fixed head 
long pile of length 10T subjected to lateral force of discrete variability
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Figure B. 15 Reliability Index, P of Top Deflection vs. COV(8 5 o) for single fixed head 
long pile of length 10T subjected to lateral force of discrete variability
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Figure B. 16 Reliability Index, P of Top Deflection vs. COV(c) for single fixed head 
long pile of length 10T subjected to lateral force of discrete variability
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Figure B. 17 Reliability Index, (3 of Top Deflection vs. COV(y) for single fixed head 
long pile of length 10T subjected to lateral force of discrete variability
COV(Variables) [%]
Figure B. 18 Reliability Index, [3 of Top Deflection vs. COV(Variables) for single 
fixed head long pile of length 10T subjected to lateral force, P = 200kN
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Figure B. 19 Probability of Failure of Top Deflection Pf.y vs. COV(EI) for single fixed 










Figure B. 20 Probability of Failure of Top Deflection Pf.y vs. COV(b) for single fixed 
head long pile of length 10T subjected to lateral force of discrete variability
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Figure B. 21 Probability of Failure of Top Deflection Pf.y vs. COV(sso) for single fixed 
head long pile of length 10T subjected to lateral force of discrete variability
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Figure B. 22 Probability of Failure of Top Deflection Pf.y vs. COV(c) for single fixed 
head long pile of length 10T subjected to lateral force of discrete variability
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Figure B. 23 Probability of Failure of Top Deflection Pf.y vs. COV(y) for single fixed 
head long pile of length 10T subjected to lateral force of discrete variability
12 20 24
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Figure B. 24 Probability of Failure of Top Deflection Pf.y vs. COV(Variables) for 
single fixed head long pile of length 10T subjected to lateral force, P = 200kN
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B.1.4 Calculation tables of top deflection
Table B. 1 COV(Ytop) vs. COV(EI) for single long pile of length L=10T, fixed head 
subjected to lateral force of discrete variability
Variability o f  COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation o f Ytop, SD(Ytop) [m]
50 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001
100 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.002 0.002 0.002
150 0.000 0.001 0.001 0.002 0.002 0.003 0.003 0.004 0.004 0.005
200 0.001 0.001 0.002 0.003 0.004 0.004 0.005 0.006 0.007 0.008
250 0.001 0.002 0.003 0.004 0.006 0.007 0.008 0.009 0.011 0.012
300 0.001 0.003 0.005 0.006 0.008 0.009 0.011 0.013 0.015 0.018
Variability o f COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Mean(Expected) Value o f  Ytop, E(Ytop) [m]
50 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
100 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009
150 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018
200 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031
250 0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.047
300 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066
Variability o f  CO V(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient of Variation o f Ytop, COV(Ytop) [%]
50 2.281 4.576 6.907 9.289 11.741 14.293 16.967 19.793 22.801 26.002
100 2.311 4.644 7.013 9.419 11.880 14.423 17.076 19.868 22.847 26.054
150 2.292 4.602 6.954 9.370 11.870 14.432 17.087 19.875 22.829 25.977
200 2.281 4.579 6.919 9.319 11.803 14.383 17.075 19.860 22.789 25.906
250 2.276 4.571 6.911 9.313 11.776 14.337 17.014 19.785 22.699 25.804
300 2.268 4.555 6.881 9.274 11.759 14.348 17.143 20.183 23.497 27.261
Top Deflection Capacity Probability Distribution : E(Yall0W) = 0.100 [m], COV(Yallow) == 20 [%], p>2
Variability o f  COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Reliability Index o f Ytop P
50 4.878 4.878 4.877 4.877 4.877 4.877 4.877 4.876 4.876 4.875
100 4.563 4.563 4.562 4.560 4.558 4.555 4.551 4.547 4.541 4.534
150 4.082 4.079 4.075 4.068 4.059 4.048 4.034 4.017 3.997 3.972
200 3.441 3.434 3.423 3.407 3.386 3.360 3.327 3.289 3.245 3.193
250 2.647 2.636 2.617 2.590 2.555 2.512 2.462 2.404 2.339 2.267
300 1.707 1.692 1.669 1.637 1.596 1.548 1.491 1.426 1.354 1.274
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Table B. 2 COV(Ytop) vs. COV(b) for single long pile of length L=10T, fixed head
subjected to lateral force of discrete variability
Variability o f COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation o f Ytop, SD IYtop) [m]
50 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
100 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.002 0.002
150 0.000 0.001 0.001 0.001 0.002 0.002 0.003 0.003 0.004 0.004
200 0.001 0.001 0.002 0.003 0.003 0.004 0.005 0.005 0.006 0.007
250 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.009 0.011 0.014
300 0.001 0.003 0.004 0.006 0.008 0.011 0.015 0.019 0.025 0.033
Variability o f COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Mean(Expected) Value o f  Ytop, E(Ytop) [m]
50 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
100 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009
150 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018
200 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031
250 0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.047
300 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066
Variability o f  CO V(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Coefficient o f Variation o f YtoP, COV(Ytop) [% ]
50 1.931 3.853 5.809 7.798 9.787 11.780 13.943 16.194 18.534 21.176
100 1.889 3.738 5.634 7.619 9.655 11.736 14.049 16.448 18.910 21.668
150 1.956 3.883 5.858 7.894 9.924 12.022 14.409 16.925 19.563 22.525
200 2.018 3.994 5.986 8.076 10.236 12.452 14.917 17.473 20.150 23.293
250 2.068 4.079 6.123 8.295 10.528 12.808 15.387 18.745 23.303 29.470
300 2.119 4.191 6.450 9.351 12.831 17.016 22.393 29.296 38.003 49.879
Top Deflection Capacity Probability Distribution : E(YaUow) = 0.100 [m , COV(Yallow) = 20 [%], P>2
Variability o f COV(b) [%] 4% 8% 12% 16% 20% 24% 28% | 32% 36% 40%
Lateral Force [KN] Numerical Value o f Reliability Index o f Ytop> P
50 4.878 4.878 4.877 4.877 4.877 4.877 4.877 4.877 4.876 4.876
100 4.564 4.563 4.562 4.561 4.560 4.558 4.555 4.552 4.548 4.543
150 4.082 4.081 4.077 4.072 4.066 4.059 4.048 4.035 4.019 3.999
200 3.441 3.436 3.428 3.416 3.400 3.380 3.354 3.322 3.285 3.237
250 2.648 2.639 2.624 2.602 2.573 2.539 2.493 2.426 2.325 2.180
300 1.707 1.695 1.674 1.636 1.577 1.493 1.378 1.232 1.069 0.891
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Table B. 3 COV(Yt0p) vs. COV(sso) for single long pile of length L=10T, fixed head
subjected to lateral force of discrete variability
Variability o f  COV(s50) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation o f Ytop, SD(Ytop) [m]
50 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
100 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001
150 0.000 0.001 0.001 0.001 0.002 0.002 0.002 0.002 0.003 0.003
200 0.001 0.001 0.002 0.002 0.003 0.003 0.004 0.004 0.005 0.005
250 0.001 0.002 0.002 0.003 0.004 0.005 0.006 0.006 0.007 0.008
300 0.001 0.002 0.003 0.005 0.006 0.007 0.008 0.009 0.010 0.011
Variability o f  COV(e50) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Mean(Expected) Value o f  Ytop, E(Ytop) [m]
50 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
100 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009
150 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018
200 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031
250 0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.047
300 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066
Variability o f  COV(e50) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f Variation o f Ytop, COV(Ytop) [%]
50 1.695 3.391 5.089 6.789 8.492 10.189 11.893 13.595 15.310 17.067
100 1.669 3.331 4.990 6.664 8.357 10.067 11.793 13.534 15.284 17.051
150 1.690 3.381 5.067 6.747 8.425 10.135 11.869 13.616 15.377 17.172
200 1.704 3.407 5.105 6.790 8.468 10.154 11.859 13.617 15.412 17.235
250 1.709 3.416 5.111 6.794 8.495 10.201 11.921 13.690 15.495 17.331
300 1.718 3.434 5.146 6.842 8.526 10.211 11.845 13.434 15.002 16.472
Top Deflection Capacity Probability Distribution : E(Yau0W) = 0.100 [m , COV(YaUow) = 20 [%], P>2
Variability o f COV(s50) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Reliability Index o f Yt0Pj p
50 4.878 4.878 4.877 4.877 4.877 4.877 4.877 4.877 4.877 4.877
100 4.564 4.563 4.563 4.562 4.561 4.559 4.558 4.556 4.554 4.551
150 4.083 4.081 4.079 4.075 4.071 4.066 4.059 4.052 4.043 4.033
200 3.442 3.438 3.432 3.424 3.413 3.401 3.386 3.368 3.348 3.325
250 2.649 2.642 2.632 2.618 2.600 2.578 2.553 2.524 2.491 2.455
300 1.709 1.700 1.687 1.670 1.648 1.622 1.595 1.565 1.535 1.505
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Table B. 4 COV(Yt0p) vs. COV(c) for single long pile of length L=10T, fixed head
subjected to lateral force of discrete variability
Variability of COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Standard Deviation o f Ytop, SD(Ytop) [m]
50 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.001
100 0.000 0.001 0.001 0.002 0.002 0.002 0.003 0.004 0.004 0.005
150 0.001 0.002 0.003 0.003 0.004 0.005 0.006 0.007 0.009 0.010
200 0.001 0.003 0.004 0.006 0.007 0.009 0.011 0.013 0.015 0.017
250 0.002 0.004 0.007 0.009 0.011 0.014 0.017 0.020 0.023 0.027
300 0.003 0.006 0.009 0.013 0.017 0.021 0.026 0.032 0.039 0.048
Variability o f COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f Ytop, E(Ytop) [m]
50 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
100 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009
150 0.01 B 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018
200 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031
250 0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.047
300 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066
Variability o f  CO V(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f  Variation o f Ytop, COV(Ytop' [% ]
50 4.581 9.158 13.727 18.460 23.413 28.655 34.237 40.119 46.642 53.828
100 4.481 9.023 13.699 18.514 23.437 28.583 34.266 40.390 46.925 54.286
150 4.578 9.140 13.751 18.612 23.707 28.981 34.683 40.886 47.566 55.120
200 4.621 9.195 13.889 18.803 23.854 29.253 35.099 41.291 48.204 55.777
250 4.641 9.272 14.020 18.965 24.070 29.550 35.376 41.735 48.843 57.705
300 4.690 9.331 14.134 19.407 25.196 31.817 39.382 48.476 59.457 72.966
Top Deflection Capacity Probability Distribution E(Yall0W) = 0.100 [m], COV(Yallow) == 20 [%], p>2
Variability o f COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Reliability Index o f Ytop> P
50 4.878 4.877 4.877 4.876 4.876 4.875 4.873 4.872 4.870 4.867
100 4.563 4.560 4.556 4.549 4.540 4.529 4.514 4.494 4.471 4.441
150 4.080 4.069 4.051 4.025 3.990 3.946 3.891 3.823 3.743 3.644
200 3.434 3.408 3.365 3.304 3.228 3.133 3.021 2.896 2.754 2.600
250 2.635 2.590 2.518 2.421 2.308 2.178 2.039 1.893 1.742 1.574
300 1.691 1.636 1.552 1.443 1.318 1.182 1.046 0.909 0.779 0.658
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Table B. 5 COV(Ytop) vs. COV(y) for single long pile of length L=10T, fixed head
subjected to lateral force of discrete variability
Variability o f COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation o f Ytop, SD(Ytop) [m]
50 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
100 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.001
150 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.002 0.002 0.002
200 0.000 0.001 0.001 0.001 0.002 0.002 0.002 0.003 0.003 0.003
250 0.000 0.001 0.001 0.002 0.002 0.003 0.003 0.004 0.005 0.005
300 0.001 0.001 0.002 0.003 0.003 0.004 0.005 0.005 0.006 0.007
Variability o f  COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Mean(Expected) Value o f  Ytop, E(Ytop) [m]
50 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
100 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009
150 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018
200 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031 0.031
250 0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.047 0.047
300 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066 0.066
Variability o f COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f Variation o f Ytop, COV(Ytop) [%]
50 1.112 2.227 3.358 4.475 5.577 6.674 7.772 8.874 9.993 11.136
100 1.104 2.212 3.347 4.454 5.550 6.661 7.819 8.995 10.187 11.408
150 1.086 2.182 3.327 4.444 5.539 6.637 7.789 8.949 10.111 11.286
200 1.059 2.129 3.254 4.344 5.404 6.463 7.572 8.698 9.847 11.039
250 1.028 2.069 3.167 4.230 5.258 6.284 7.373 8.487 9.618 10.793
300 1.002 2.018 3.095 4.136 5.146 6.158 7.232 8.313 9.414 10.564
Top Deflection Capacity Probability Distribution : E(Yali0W) =  0.100 [m], COV(Yallow) =  20 [%], p>2
Variability o f  COV(y) [%] 4% 8% 12% 16% | 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Reliability Index o fY t0p p
50 4.878 4.878 4.878 4.878 4.877 4.877 4.877 4.877 4.877 4.877
100 4.564 4.563 4.563 4.563 4.562 4.562 4.561 4.560 4.559 4.558
150 4.083 4.082 4.081 4.080 4.078 4.076 4.073 4.069 4.066 4.061
200 3.443 3.441 3.439 3.435 3.431 3.426 3.419 3.412 3.403 3.393
250 2.650 2.648 2.644 2.638 2.631 2.623 2.612 2.600 2.586 2.570
300 1.710 1.708 1.702 1.696 1.687 1.677 1.665 1.651 1.635 1.617
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Figure B. 25 Variability of Mmax vs. E l for single fixed head long pile of length 10T 
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Figure B. 26 Variability of Mmax vs. b for single fixed head long pile of length 10T 
subjected to lateral force, when COV(EI) = 40%
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Figure B. 27 Variability of Mmax vs. s5o for single fixed head long pile of length 10T 
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Figure B. 28 Variability of Mmax vs. c for single fixed head long pile of length 10T 
subjected to lateral force, when COV(EI) = 40%
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Figure B. 29 Variability of Mmax vs. y for single fixed head long pile of length 10T 
subjected to lateral force, when COV(EI) = 40%
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B.2.2 COV(Mmax) vs. COV(Variables)
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Figure B. 30 Variability of COV(Mmax) vs. COV(EI) for single fixed head long pile of 








Figure B. 31 Variability of COV(Mmax) vs. COV(b) for single fixed head long pile of 
length 10T subjected to lateral force of discrete variability
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Figure B. 32 Variability of COV(Mmax) vs. COV(e50) for single fixed head long pile of 
length 10T subjected to lateral force of discrete variability
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Figure B. 33 Variability of COV(Mmax) vs. COV(c) for single fixed head long pile of 
length 10T subjected to lateral force of discrete variability
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Figure B. 34 Variability of COV(Mmax) vs. COV(y) for single fixed head long pile of 





Figure B. 35 Variability of COV(Mraax ) vs. COV(Variables) for single fixed head 
long pile of length 10T subjected to lateral force, P = 150kN
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Figure B. 36 COV(Mmax) vs. Later Force for single fixed head long pile of length 10T 
subjected to lateral force, when COV(Variables) = 20%
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Figure B. 37 Reliability Index, p of Bending Moment vs. COV(EI) for single fixed 
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Figure B. 38 Reliability Index, p of Bending Moment vs. COV(b) for single fixed 
head long pile of length 1 0 T subjected to lateral force of discrete variability
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Figure B. 39 Reliability Index, p of Bending Moment vs. COVfeo) for single fixed
head long pile of length 10T subjected to lateral force of discrete variability
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Figure B. 40 Reliability Index, p of Bending Moment vs. COV(c) for single fixed 
head long pile of length 1 0 T subjected to lateral force of discrete variability
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Figure B. 41 Reliability Index, (3 of Bending Moment vs. COV(y) for single fixed
head long pile of length 10T subjected to lateral force of discrete variability
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Figure B. 42 Reliability Index, (3 of Bending Moment vs. COV(Variables) for single 
fixed head long pile of length 10T subjected to lateral force, P = lOOkN
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Figure B. 43 Probability of Failure of Bending Moment Pf.M vs. COV(EI) for single 
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Figure B. 44 Probability of Failure of Bending Moment Pf.M vs. COV(b) for single 
fixed head long pile of length 1 0 T subjected to lateral force of discrete variability
185








- e -  SOkN 
100kN 
- I -  150kN 
200kN 
-B - 250kN 
- 9 -  300kN
! Iff1
•s 




8 12 16 20 24
COV(e5Q) [%]
28 32 36 40
Figure B. 45 Probability of Failure of Bending Moment Pf.M vs. COV(8 so) for single 
fixed head long pile of length 1 0 T subjected to lateral force of discrete variability
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Figure B. 46 Probability of Failure of Bending Moment Pf.M vs. COV(c) for single 
fixed head long pile of length 10T subjected to lateral force of discrete variability
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Figure B. 47 Probability of Failure of Bending Moment Pf.M vs. COV(y) for single 
fixed head long pile of length 10T subjected to lateral force of discrete variability
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Figure B. 48 Probability of Failure of Bending Moment Pf.M vs. COV(Variables) for 
single fixed head long pile of length 10T subjected to lateral force, P = lOOkN
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B.2.4 Calculation tables of bending moment
Table B. 6  COV(Mmax) vs. COV(EI) for single long pile of length L=10T, fixed head 
subjected to lateral force of discrete variability
Variability o f  COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation o f Mmax SD(Mmax) [kN.m]
50 0.45 0.90 1.36 1.82 2.29 2.77 3.26 3.76 4.29 4.82
100 1.11 2.22 3.34 4.46 5.59 6.73 7.88 9.07 10.29 11.57
150 1.82 3.65 5.50 7.39 9.32 11.25 13.21 15.21 17.26 19.35
200 2.63 5.28 7.95 10.67 13.45 16.28 19.16 22.04 24.96 27.95
250 3.51 7.04 10.62 14.27 17.93 21.66 25.48 29.30 33.18 37.15
300 4.43 8.88 13.38 17.98 22.69 27.38 31.49 35.27 38.86 42.01
Variability o f COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f Mmax, E(Mmax) [kN.m]
50 80.73 80.73 80.73 80.73 80.73 80.73 80.73 80.73 80.73 80.73
100 196.95 196.95 196.95 196.95 196.95 196.95 196.95 196.95 196.95 196.95
150 331.54 331.54 331.54 331.54 331.54 331.54 331.54 331.54 331.54 331.54
200 479.34 479.34 479.34 479.34 479.34 479.34 479.34 479.34 479.34 479.34
250 638.05 638.05 638.05 638.05 638.05 638.05 638.05 638.05 638.05 638.05
300 806.06 806.06 806.06 806.06 806.06 806.06 806.06 806.06 806.06 806.06
Variability o f COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f Variation o f Mmax, COVCM™,d  [%]
50 0.559 1.121 1.686 2.257 2.838 3.430 4.037 4.663 5.310 5.972
100 0.561 1.127 1.696 2.266 2.838 3.415 4.002 4.604 5.225 5.873
150 0.550 1.102 1.660 2.228 2.810 3.394 3.984 4.587 5.206 5.837
200 0.549 1.101 1.658 2.226 2.806 3.396 3.997 4.598 5.207 5.830
250 0.550 1.104 1.665 2.236 2.810 3.395 3.994 4.592 5.200 5.823
300 0.550 1.102 1.660 2.231 2.815 3.396 3.906 4.375 4.821 5.212
Bending Moment Capacity Probability Distribution : E(M P) =  894 [kN.m], COV(Mp) =  20 [%]
Variability o f COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Reliability Index o f MmaXi P
50 4.548 4.548 4.548 4.548 4.548 4.548 4.548 4.547 4.547 4.547
100 3.898 3.898 3.898 3.897 3.897 3.896 3.895 3.893 3.892 3.890
150 3.146 3.145 3.144 3.143 3.142 3.140 3.137 3.134 3.131 3.128
200 2.319 2.318 2.317 2.315 2.313 2.310 2.306 2.302 2.297 2.291
250 1.431 1.430 1.429 1.427 1.424 1.421 1.417 1.413 1.407 1.402
300 0.492 0.491 0.490 0.489 0.488 0.486 0.484 0.483 0.481 0.479
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Table B. 7 COV(Mmax) vs. COV(b) for single long pile of length L=10T, fixed head
subjected to lateral force of discrete variability
Variability o f COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation o f Mmax, SD(M,nax) [kN.m]
50 0.60 1.21 1.82 2.43 3.06 3.69 4.33 4.98 5.62 6.30
100 1.38 2.77 4.17 5.56 6.96 8.36 9.83 11.33 12.87 14.56
150 2.21 4.42 6.67 8.99 11.39 13.77 16.25 18.75 21.29 24.14
200 3.16 6.33 9.61 12.93 16.25 19.60 23.21 26.94 30.75 34.81
250 4.21 8.43 12.78 17.15 21.55 26.04 31.13 38.52 48.16 60.83
300 5.31 10.60 16.97 25.47 35.67 47.70 62.64 80.31 101.50 128.05
Variability o f COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Mean(Expected) Value o f Mrnax, ECM^) [kN.m]
50 80.73 80.73 80.73 80.73 80.73 80.73 80.73 80.73 80.73 80.73
100 196.95 196.95 196.95 196.95 196.95 196.95 196.95 196.95 196.95 196.95
150 331.54 331.54 331.54 331.54 331.54 331.54 331.54 331.54 331.54 331.54
200 479.34 479.34 479.34 479.34 479.34 479.34 479.34 479.34 479.34 479.34
250 638.05 638.05 638.05 638.05 638.05 638.05 638.05 638.05 638.05 638.05
300 806.06 806.06 806.06 806.06 806.06 806.06 806.06 806.06 806.06 806.06
Variability o f COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f Variation o f COV(Mmax) [%]
50 0.748 1.498 2.253 3.015 3.787 4.570 5.370 6.167 6.967 7.806
100 0.700 1.405 2.115 2.825 3.533 4.245 4.992 5.751 6.536 7.393
150 0.667 1.334 2.013 2.712 3.435 4.155 4.902 5.655 6.423 7.280
200 0.660 1.320 2.004 2.698 3.389 4.090 4.842 5.620 6.415 7.262
250 0.659 1.321 2.003 2.688 3.378 4.081 4.878 6.038 7.548 9.534
300 0.658 1.315 2.105 3.160 4.425 5.918 7.772 9.963 12.593 15.887
Bending Moment Capacity Probability Distribution : E(MP) = 894 [kN.m], COV(Mp) = 20 % ]
Variability o f  COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Reliability Index o f MmaXi P
50 4.548 4.548 4.548 4.548 4.548 4.548 4.547 4.547 4.546 4.546
100 3.898 3.898 3.897 3.897 3.896 3.894 3.893 3.891 3.888 3.886
150 3.146 3.145 3.144 3.142 3.139 3.136 3.133 3.129 3.124 3.118
200 2.319 2.318 2.316 2.313 2.310 2.305 2.300 2.293 2.286 2.276
250 1.431 1.430 1.428 1.425 1.421 1.417 1.410 1.399 1.382 1.355
300 0.492 0.491 0.490 0.487 0.482 0.475 0.464 0.449 0.428 0.400
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Table B. 8 COV(Mmax) vs. COV(sso) for single long pile of length L=10T, fixed head
subjected to lateral force of discrete variability
Variability o f  COV(e5o) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation o f M ^ , SD(M nax) [kN.m]
50 0.46 0.92 1.39 1.86 2.34 2.83 3.33 3.84 4.37 4.92
100 1.12 2.26 3.40 4.54 5.68 6.84 8.02 9.22 10.46 11.76
150 1.85 3.71 5.59 7.50 9.46 11.43 13.41 15.44 17.52 19.64
200 2.67 5.36 8.07 10.83 13.64 16.51 19.43 22.35 25.31 28.33
250 3.56 7.14 10.77 14.46 18.17 21.95 25.82 29.69 33.61 37.63
300 4.49 8.99 13.55 18.21 22.99 27.72 31.87 35.68 39.32 42.51
Variability o f COV(e50) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f M,naxj E(Mmax) [kN.m]
50 80.73 80.73 80.73 80.73 80.73 80.73 80.73 80.73 80.73 80.73
100 196.95 196.95 196.95 196.95 196.95 196.95 196.95 196.95 196.95 196.95
150 331.54 331.54 331.54 331.54 331.54 331.54 331.54 331.54 331.54 331.54
200 479.34 479.34 479.34 479.34 479.34 479.34 479.34 479.34 479.34 479.34
250 638.05 638.05 638.05 638.05 638.05 638.05 638.05 638.05 638.05 638.05
300 806.06 806.06 806.06 806.06 806.06 806.06 806.06 806.06 806.06 806.06
Variability o f COV(e50) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f Variation o f Mmaxi COV(Mmax) [%]
50 0.571 1.144 1.721 2.305 2.898 3.501 4.121 4.759 5.418 6.093
100 0.571 1.147 1.726 2.305 2.886 3.474 4.071 4.682 5.313 5.971
150 0.558 1.119 1.686 2.263 2.854 3.446 4.045 4.657 5.284 5.925
200 0.557 1.117 1.683 2.259 2.846 3.444 4.053 4.662 5.280 5.911
250 0.558 1.119 1.687 2.266 2.848 3.441 4.047 4.653 5.268 5.898
300 0.557 1.116 1.681 2.259 2.852 3.439 3.954 4.427 4.878 5.274
Bending Moment Capacity Probability Distribution : E(MP) = 894 [kN.m], COV(Mp) = 20 [%]
Variability o f  COV(s50) [%] 4% 8% 12% 16% 20% 24% 28% 32% | 36% 40%
Lateral Force [KN] Numerical Value o f  Reliability Index o f Mmax> p
50 4.548 4.548 4.548 4.548 4.548 4.548 4.548 4.547 4.547 4.547
100 3.898 3.898 3.898 3.897 3.897 3.896 3.895 3.893 3.892 3.890
150 3.146 3.145 3.144 3.143 3.141 3.139 3.137 3.134 3.131 3.127
200 2.319 2.318 2.317 2.315 2.312 2.309 2.306 2.301 2.296 2.291
250 1.431 1.430 1.429 1.427 1.424 1.421 1.417 1.412 1.407 1.401
300 0.492 0.491 0.490 0.489 0.488 0.486 0.484 0.482 0.480 0.479
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Table B 9 COV(Mmax) vs. COV(c) for single long pile of length L=10T, fixed head
subjected to lateral force of discrete variability
Variability o f  COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation o f Mmax, SDCMmax) [kN.m]
50 1.27 2.57 3.89 5.22 6.57 7.94 9.36 10.84 12.33 13.90
100 3.09 6.16 9.23 12.34 15.59 18.92 22.27 25.74 29.41 33.17
150 5.05 10.21 15.48 20.68 25.94 31.44 37.11 42.98 49.18 55.52
200 7.28 14.74 22.24 29.75 37.50 45.32 53.44 62.05 70.89 80.25
250 9.73 19.59 29.54 39.57 49.86 60.23 71.23 82.58 94.94 109.77
300 12.24 24.79 37.37 51.17 66.51 83.32 102.40 123.56 147.41 174.72
Variability o f COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f M ^ , E(Mmax) [kN.m]
50 80.73 80.73 80.73 80.73 80.73 80.73 80.73 80.73 80.73 80.73
100 196.95 196.95 196.95 196.95 196.95 196.95 196.95 196.95 196.95 196.95
150 331.54 331.54 331.54 331.54 331.54 331.54 331.54 331.54 331.54 331.54
200 479.34 479.34 479.34 479.34 479.34 479.34 479.34 479.34 479.34 479.34
250 638.05 638.05 638.05 638.05 638.05 638.05 638.05 638.05 638.05 638.05
300 806.06 806.06 806.06 806.06 806.06 806.06 806.06 806.06 806.06 806.06
Variability o f COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f Variation o f M ,^ , COV(Mmax) [%]
50 1.579 3.181 4.820 6.464 8.139 9.836 11.593 13.422 15.278 17.215
100 1.569 3.128 4.685 6.267 7.915 9.605 11.306 13.069 14.933 16.842
150 1.523 3.080 4.668 6.237 7.825 9.483 11.193 12.964 14.834 16.746
200 1.520 3.075 4.639 6.207 7.824 9.455 11.148 12.945 14.788 16.743
250 1.524 3.070 4.629 6.202 7.814 9.439 11.164 12.943 14.880 17.204
300 1.518 3.076 4.637 6.348 8.252 10.337 12.704 15.329 18.288 21.675
Bending Moment Capacity Probability Distribution : E(MP) =  894 [kN.m], COV(Mp) =  20 % ]
Variability o f  COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Reliability Index o f MmaXi P
50 4.548 4.548 4.547 4.547 4.545 4.544 4.542 4.540 4.538 4.535
100 3.898 3.896 3.893 3.889 3.884 3.877 3.869 3.859 3.847 3.833
150 3.145 3.141 3.134 3.125 3.113 3.098 3.080 3.059 3.033 3.004
200 2.317 2.311 2.301 2.288 2.270 2.248 2.222 2.191 2.156 2.116
250 1.429 1.423 1.412 1.398 1.379 1.357 1.330 1.300 1.264 1.220
300 0.491 0.487 0.481 0.473 0.461 0.446 0.427 0.405 0.380 0.352
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Table B. 10 COV(Mmax) vs. COV(y) for single long pile of length L=10T, fixed head
subjected to lateral force of discrete variability
Variability o f COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation o f Mma» SDCMmax) [kN.m]
50 0.24 0.48 0.73 0.97 1.22 1.47 1.72 1.98 2.23 2.48
100 0.66 1.33 2.01 2.69 3.35 4.02 4.68 5.34 6.01 6.68
150 1.13 2.27 3.43 4.58 5.71 6.86 8.02 9.21 10.41 11.64
200 1.66 3.33 5.04 6.73 8.40 10.09 11.84 13.60 15.34 17.10
250 2.22 4.45 6.75 9.02 11.26 13.54 15.88 18.21 20.55 22.90
300 2.79 5.61 8.52 11.37 14.18 17.01 19.97 22.97 25.95 28.97
Variability o f  COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f Mmax, E(Mmax) [kN.m]
50 80.73 80.73 80.73 80.73 80.73 80.73 80.73 80.73 80.73 80.73
100 196.95 196.95 196.95 196.95 196.95 196.95 196.95 196.95 196.95 196.95
150 331.54 331.54 331.54 331.54 331.54 331.54 331.54 331.54 331.54 331.54
200 479.34 479.34 479.34 479.34 479.34 479.34 479.34 479.34 479.34 479.34
250 638.05 638.05 638.05 638.05 638.05 638.05 638.05 638.05 638.05 638.05
300 806.06 806.06 806.06 806.06 806.06 806.06 806.06 806.06 806.06 806.06
Variability o f COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f Variation o f M ^ , COV(Mmax [%]
50 0.300 0.600 0.901 1.203 1.508 1.817 2.131 2.448 2.762 3.073
100 0.337 0.676 1.021 1.364 1.703 2.039 2.376 2.713 3.051 3.390
150 0.342 0.685 1.035 1.381 1.723 2.068 2.420 2.777 3.139 3.512
200 0.346 0.695 1.051 1.403 1.752 2.105 2.471 2.837 3.201 3.568
250 0.348 0.698 1.058 1.413 1.765 2.121 2.489 2.854 3.220 3.590
300 0.347 0.696 1.057 1.411 1.759 2.111 2.478 2.849 3.220 3.594
Bending Moment Capacity Probability Distribution : E(M P) = 894 [kN.m], COV(Mp) = 20 % ]
Variability o f  CO V(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Reliability Index o f Mniax> P
50 4.548 4.548 4.548 4.548 4.548 4.548 4.548 4.548 4.548 4.548
100 3.898 3.898 3.898 3.898 3.898 3.898 3.897 3.897 3.896 3.896
150 3.146 3.146 3.145 3.145 3.144 3.143 3.143 3.142 3.140 3.139
200 2.319 2.319 2.318 2.317 2.317 2.315 2.314 2.312 2.311 2.309
250 1.431 1.431 1.430 1.430 1.429 1.427 1.426 1.424 1.422 1.420
300 0.492 0.492 0.491 0.491 0.490 0.490 0.489 0.488 0.487 0.486
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APPENDIX C. Typical results of the reliability analysis for a 
3x3 pile group embedded in the soft clay below water table, 
subjected to cyclic lateral concentrated force Pg applied to the pile 
cap, with the piles members pinned to the pile cap, pile spacing s= 
5D, pile length L=10T=23.5m
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Figure C. 1 Variability of yT vs. E l for pile group free head long pile of length 10T 
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Figure C. 2 Variability of yT vs. b for pile group free head long pile of length 10T 
subjected to lateral force, when COV(b) = 40%
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Figure C. 3 Variability of yx vs. 8 5 0  for pile group free head long pile of length 10T 
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Figure C. 4 Variability of yT vs. c for pile group free head long pile of length 10T 
subjected to lateral force, when COV(c) = 40%
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Figure C. 5 Variability of yx vs. y for pile group free head long pile of length 10T 
subjected to lateral force, when COV(y) = 40%
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C.1.2 COV(yT) vs. COV(Variables)
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Figure C. 6 Variability of COV(yx) vs. COV(EI) for pile group free head long pile of 
length 10T subjected to lateral force of discrete variability.
100






Figure C. 7 Variability of COV(yT) vs. COV(b) for pile group free head long pile of 
length 10T subjected to lateral force of discrete variability.
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Figure C. 8  Variability of COV(yx) vs. COV(e5o) for pile group free head long pile of 
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Figure C. 9 Variability of COV(yx) vs. COV(c) for pile group free head long pile of 
length 10T subjected to lateral force of discrete variability.
198
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.





Figure C. 10 Variability of COV(yT) vs. COV(y) for pile group free head long pile of 






Figure C. 11 Variability of COV(yT) vs. COV(Variables) for pile group free head 
long pile of length 10T subjected to lateral force, P =  1200kN
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Figure C. 12 COV(yT) vs. Later Force for pile group free head long pile of length 
10T subjected to lateral force, when COV(Variables) = 20%
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C.1.3 Reliability index of top deflection vs. COV(Variables)
£
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Figure C. 13 Reliability Index, p of Top Deflection vs. COV(EI) for pile group free 





Figure C. 14 Reliability Index, p of Top Deflection vs. COV(b) for pile group free 
head long pile of length 10T subjected to lateral force of discrete variability
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Figure C. 15 Reliability Index, p of Top Deflection vs. COV(E5o) for pile group free 
head long pile of length 10T subjected to lateral force of discrete variability
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Figure C. 16 Reliability Index, p of Top Deflection vs. COV(c) for pile group free 
head long pile of length 10T subjected to lateral force of discrete variability
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Figure C. 17 Reliability Index, p of Top Deflection vs. COV(y) for pile group free 
head long pile of length 10T subjected to lateral force of discrete variability
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Figure C. 18 Reliability Index, P of Top Deflection vs. COV(Variables) for pile group 
free head long pile of length 10T subjected to lateral force, P = 800kN
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C.1.4 Calculation tables of top deflection
Table C. 1 COV(Ytop) vs. COV(EI) for 3x3 long pile group of length L=10T, pile 
spacing=5D, free head subjected to lateral force of discrete variability
Variability o f COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Standard Deviation o fY top, SD(Ytop) [m]
400 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.002 0.002 0.002
800 0.001 0.001 0.002 0.003 0.004 0.004 0.005 0.006 0.007 0.008
1200 0.001 0.003 0.004 0.006 0.008 0.009 0.011 0.013 0.015 0.017
1600 0.004 0.007 0.011 0.015 0.019 0.024 0.028 0.034 0.040 0.047
2000 0.013 0.026 0.040 0.056 0.076 0.104 0.131 0.157 0.183 0.209
Variability o f COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f Ytop, E(Ytop) [m]
400 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008
800 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030
1200 0.064 0.064 0.064 0.064 0.064 0.064 0.064 0.064 0.064 0.064
1600 0.115 0.115 0.115 0.115 0.115 0.115 0.115 0.115 0.115 0.115
2000 0.233 0.233 0.233 0.233 0.233 0.233 0.233 0.233 0.233 0.233
Variability o f COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Coefficient o f Variation o f Ytop, COV(Ytop) [%]
400 2.284 4.587 6.926 9.313 11.764 14.298 16.939 19.716 22.665 25.830
800 2.349 4.698 7.065 9.467 11.921 14.450 17.090 19.858 22.805 25.979
1200 2.293 4.605 6.956 9.374 11.866 14.458 17.207 20.111 23.174 26.449
1600 3.185 6.381 9.557 13.011 16.641 20.492 24.673 29.508 34.852 40.948
2000 5.462 10.963 17.121 23.942 32.700 44.618 56.379 67.505 78.305 89.627
Top Deflection Capacity Probability Distribution : E(Yall0W) =  0.100 [m], COV(Yan„w) =  20 [% ,P>2
Variability o f  COV(EI) [%] 4% 8% 12% 16% | 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Reliability Index o f Ytop, P
400 4.578 4.577 4.576 4.575 4.573 4.570 4.567 4.563 4.558 4.551
800 3.482 3.476 3.465 3.449 3.429 3.404 3.373 3.337 3.293 3.242
1200 1.797 1.783 1.759 1.726 1.685 1.636 1.579 1.515 1.448 1.376
1600 -0.756 -0.721 -0.673 -0.615 -0.554 -0.496 -0.442 -0.389 -0.342 -0.300
2000 -5.617 -4.104 -2.983 -2.246 -1.690 -1.257 -1.002 -0.839 -0.725 -0.634
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Table C. 2 COV(Ytop) vs. COV(b) for 3x3 long pile group of length L=10T, pile
spacing=5D, free head subjected to lateral force of discrete variability
Variability o f COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation o f Ytop, SD(Ytop) [m]
400 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.002
800 0.001 0.001 0.002 0.002 0.003 0.004 0.004 0.005 0.006 0.007
1200 0.001 0.003 0.004 0.005 0.007 0.009 0.011 0.014 0.017 0.022
1600 0.005 0.010 0.015 0.021 0.028 0.038 0.050 0.068 0.093 0.111
2000 0.022 0.047 0.081 0.110 0.131 0.150 0.167 0.184 0.206 0.232
Variability o f COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f Ytop, E(Ytop) [m]
400 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008
800 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030
1200 0.064 0.064 0.064 0.064 0.064 0.064 0.064 0.064 0.064 0.064
1600 0.115 0.115 0.115 0.115 0.115 0.115 0.115 0.115 0.115 0.115
2000 0.233 0.233 0.233 0.233 0.233 0.233 0.233 0.233 0.233 0.233
Variability o f  COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f Variation o f YtoP, COV(Ytop) [%]
400 2.086 4.183 6.288 8.399 10.536 12.760 15.036 17.379 19.955 22.635
800 1.947 3.935 5.950 8.005 10.115 12.372 14.683 17.061 19.691 22.405
1200 2.001 4.037 6.131 8.336 10.837 13.772 17.271 21.618 27.257 34.469
1600 3.971 8.284 12.990 18.334 24.497 32.798 43.573 58.879 80.666 96.109
2000 9.352 20.337 34.817 47.178 56.116 64.241 71.455 78.691 88.487 99.514
Top Deflection Capacity Probability Distribution : E(Yauow) =  0.100 [m], COV(YaUow) = 20 [% ,P>2
Variability o f COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Reliability Index o f Yt0Ps p
400 4.578 4.578 4.577 4.575 4.574 4.572 4.569 4.566 4.562 4.558
800 3.483 3.478 3.470 3.459 3.444 3.425 3.401 3.373 3.339 3.299
1200 1.798 1.787 1.768 1.741 1.703 1.649 1.577 1.482 1.358 1.211
1600 -0.749 -0.694 -0.615 -0.528 -0.444 -0.359 -0.284 -0.217 -0.161 -0.136
2000 -4.501 -2.588 -1.593 -1.191 -1.006 -0.881 -0.794 -0.722 -0.642 -0.572
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Table C. 3 COV(Ytop) vs. COV(8so) for 3x3 long pile group of length L=10T, pile
spacing=5D, free head subjected to lateral force of discrete variability
Variability o f COV(e5o) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation o f Ytop, SD(Y,op) [m]
400 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001
800 0.001 0.001 0.002 0.002 0.003 0.003 0.004 0.004 0.005 0.005
1200 0.001 0.002 0.003 0.004 0.005 0.007 0.008 0.009 0.010 0.011
1600 0.001 0.002 0.003 0.004 0.005 0.006 0.006 0.007 0.007 0.008
2000 0.003 0.007 0.011 0.016 0.024 0.036 0.046 0.053 0.058 0.062
Variability o f COV(s50) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f  Ytop, E(Ytop) [m]
400 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008
800 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030
1200 0.064 0.064 0.064 0.064 0.064 0.064 0.064 0.064 0.064 0.064
1600 0.115 0.115 0.115 0.115 0.115 0.115 0.115 0.115 0.115 0.115
2000 0.233 0.233 0.233 0.233 0.233 0.233 0.233 0.233 0.233 0.233
Variability o f COV(e50) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient of Variation o f Ytop, COV(Ytop' [% ]
400 1.720 3.435 5.148 6.862 8.585 10.318 12.064 13.826 15.604 17.403
800 1.654 3.325 5.013 6.717 8.445 10.191 11.953 13.733 15.525 17.330
1200 1.710 3.419 5.125 6.823 8.522 10.220 11.899 13.585 15.308 17.057
1600 0.819 1.659 2.588 3.369 4.131 4.870 5.555 6.033 6.493 6.836
2000 1.447 2.841 4.657 6.786 10.139 15.364 19.655 22.721 24.804 26.460
Top Deflection Capacity Probability Distribution : E(Yan0W) =  0.100 [m], COV(Yailow) =  20 [% ,p>2
Variability o f COV(e50) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Reliability Index o f Ytop> P
400 4.578 4.578 4.577 4.576 4.575 4.574 4.572 4.571 4.568 4.566
800 3.483 3.480 3.474 3.467 3.456 3.444 3.429 3.411 3.392 3370
1200 1.799 1.791 1.778 1.760 1.738 1.713 1.684 1.653 1.618 1.582
1600 -0.768 -0.765 -0.760 -0.754 -0.748 -0.740 -0.732 -0.726 -0.720 -0.715
2000 -6.567 -6.322 -5.852 -5.222 -4.301 -3.246 -2.663 -2.352 -2.176 -2.053
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Table C. 4 COV(Ytop) vs. COV(c) for 3x3 long pile group of length L=10T, pile
spacing=5D, free head subjected to lateral force of discrete variability
Variability o f COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Standard Deviation o f Ytop, SD(Ytop) [m]
400 0.000 0.001 0.001 0.002 0.002 0.002 0.003 0.003 0.004 0.005
800 0.001 0.003 0.004 0.006 0.007 0.009 0.011 0.012 0.014 0.017
1200 0.003 0.006 0.009 0.012 0.015 0.019 0.023 0.028 0.033 0.040
1600 0.007 0.014 0.022 0.031 0.040 0.051 0.065 0.082 0.103 0.134
2000 0.024 0.050 0.081 0.120 0.156 0.189 0.220 0.252 0.286 0.325
Variability o f COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f Ytop, E(Ytop) [m]
400 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008
800 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030
1200 0.064 0.064 0.064 0.064 0.064 0.064 0.064 0.064 0.064 0.064
1600 0.115 0.115 0.115 0.115 0.115 0.115 0.115 0.115 0.115 0.115
2000 0.233 0.233 0.233 0.233 0.233 0.233 0.233 0.233 0.233 0.233
Variability o f COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f  Variation o f Ytop, COV(Ytop) [%]
400 4.676 9.342 14.099 19.035 24.188 29.577 35.180 41.236 47.932 55.262
800 4.523 9.171 13.957 18.870 23.900 29.185 34.904 41.041 47.627 55.011
1200 4.637 9.241 13.891 18.833 24.161 29.899 36.195 43.556 51.849 61.911
1600 6.152 12.529 19.254 26.454 34.893 44.446 56.133 70.708 89.647 116.166
2000 10.268 21.435 34.701 51.622 66.857 80.892 94.290 108.018 122.761 139.358
Top Deflection Capacity Probability Distribution : E(YaIl0W) =  0.100 [m], COV(Yailow) =  20 [%], p>2
Variability o f COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Reliability Index o f Yt0Pj P
400 4.577 4.575 4.570 4.564 4.555 4.543 4.529 4.511 4.488 4.459
800 3.476 3.451 3.409 3.350 3.276 3.187 3.080 2.959 2.825 2.676
1200 1.782 1.728 1.647 1.544 1.426 1.302 1.178 1.051 0.931 0.812
1600 -0.724 -0.623 -0.514 -0.421 -0.342 -0.279 -0.227 -0.183 -0.146 -0.113
2000 -4.269 -2.474 -1.598 -1.091 -0.847 -0.702 -0.603 -0.527 -0.464 -0.409
207
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table C. 5 COV(Ytop) vs. COV(y) for 3x3 long pile group of length L=10T, pile
spacing=5D, free head subjected to lateral force of discrete variability
Variability o f COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation o f Ytop, SD(Ytop) [m]
400 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.001
800 0.000 0.001 0.001 0.001 0.002 0.002 0.002 0.003 0.003 0.003
1200 0.001 0.001 0.002 0.003 0.003 0.004 0.005 0.006 0.006 0.007
1600 0.002 0.003 0.005 0.007 0.008 0.010 0.012 0.014 0.016 0.018
2000 0.006 0.013 0.019 0.026 0.034 0.041 0.051 0.062 0.076 0.095
Variability o f COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f Ytop, E(Ytop) [m]
400 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008 0.008
800 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030
1200 0.064 0.064 0.064 0.064 0.064 0.064 0.064 0.064 0.064 0.064
1600 0.115 0.115 0.115 0.115 0.115 0.115 0.115 0.115 0.115 0.115
2000 0.233 0.233 0.233 0.233 0.233 0.233 0.233 0.233 0.233 0.233
Variability o f COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f Variation o f Ytop, COV(Ytop) [%]
400 1.031 2.057 3.066 4.071 5.078 6.091 7.112 8.149 9.181 10.228
800 1.036 2.080 3.118 4.172 5.243 6.330 7.445 8.574 9.678 10.808
1200 1.082 2.163 3.228 4.307 5.385 6.458 7.549 8.653 9.729 10.830
1600 1.468 2.943 4.402 5.856 7.301 8.869 10.534 12.250 13.940 15.696
2000 2.675 5.373 8.075 11.216 14.502 17.774 21.784 26.579 32.557 40.636
Top Deflection Capacity Probability Distribution : E(Yau„w) =  0.100 [m], COV(Yauow) =  20 [% ,P>2
Variability o f  COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Reliability Index o fY toPi p
400 4.578 4.578 4.578 4.578 4.577 4.577 4.576 4.576 4.575 4.574
800 3.484 3.483 3.481 3.477 3.473 3.469 3.462 3.455 3.448 3.439
1200 1.801 1.798 1.792 1.785 1.776 1.765 1.752 1.737 1.721 1.703
1600 -0.766 -0.758 -0.745 -0.728 -0.708 -0.684 -0.657 -0.628 -0.599 -0.570
2000 -6.357 -5.644 -4.849 -4.045 -3.390 -2.894 -2.440 -2.045 -1.696 -1.375
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Figure C. 19 Variability of Mmax vs. E l for pile group free head long pile of length 
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Figure C. 20 Variability of Mmax vs. b for pile group free head long pile of length 10T 
subjected to lateral force, when COV(EI) = 40%
209









2 7 5 1—  
0.012 0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.028
Figure C. 21 Variability of Mmax vs. S50 for pile group free head long pile of length 
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Figure C. 22 Variability of Mmax vs. c for pile group free head long pile of length 10T 
subjected to lateral force, when COV(EI) = 40%
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Figure C. 23 Variability of Mmax vs. y for pile group free head long pile of length 10T 
subjected to lateral force, when COV(EI) = 40%
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C.2.2 COV(Mmax) vs. COV(Variables)
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Figure C. 24 Variability of COV(Mmax) vs. COV(EI) for pile group free head long 
pile of length 10T subjected to lateral force of discrete variability
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Figure C. 25 Variability of COV(Mmax) vs. COV(b) for pile group free head long pile 
of length 10T subjected to lateral force of discrete variability
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Figure C. 26 Variability of COV(Mmax) vs. COV(eso) for pile group free head long 
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Figure C. 27 Variability of COV(Mmax) vs. COV(c) for pile group free head long pile 
of length 10T subjected to lateral force of discrete variability
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Figure C. 28 Variability of COV(Mmax) vs. COV(y) for pile group free head long pile 
of length 10T subjected to lateral force of discrete variability
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Figure C. 29 Variability of COV(Mmax ) vs. COV(Variables) for pile group free head 
long pile of length 10T subjected to lateral force, P = 1200kN
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Figure C. 30 COV(Mmax) vs. Later Force for pile group free head long pile of length 
10T subjected to lateral force, when COV(Variables) = 20%
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C.2.3 Reliability index of bending moment vs. COV(Variables)
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Figure C. 31 Reliability Index, p of Bending Moment vs. COV(EI) for pile group free 
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Figure C. 32 Reliability Index, p of Bending Moment vs. COV(b) for pile group free 
head long pile of length 10T subjected to lateral force of discrete variability
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Figure C. 33 Reliability Index, p of Bending Moment vs. COV(sso) for pile group free 
head long pile of length 10T subjected to lateral force of discrete variability
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Figure C. 34 Reliability Index, p of Bending Moment vs. COV(c) for pile group free 
head long pile of length 10T subjected to lateral force of discrete variability
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Figure C. 35 Reliability Index, p of Bending Moment vs. COV(y) for pile group free 
head long pile of length 10T subjected to lateral force of discrete variability
20 24
COV(Variables) [%]
Figure C. 36 Reliability Index, p of Bending Moment vs. COV(Variables) for pile 
group free head long pile of length 10T subjected to lateral force, P = 1200kN
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C.2.4 Calculation tables of bending moment
Table C. 6 COV(Mmax) vs. COV(EI) for 3x3 long pile group of length L=10T, pile 
spacing=5D, free head subjected to lateral force of discrete variability
Variability o f  CO V(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation o f Mmax, SD(Mmax) [kN.m]
400 0.39 0.77 1.16 1.56 1.97 2.40 2.86 3.34 3.85 4.42
800 1.02 2.02 3.08 4.16 5.22 6.28 7.36 8.48 9.65 10.91
1200 1.55 3.11 4.76 6.62 8.39 10.08 11.70 13.34 15.09 16.97
1600 0.14 0.24 0.09 0.30 0.53 0.79 1.33 2.50 3.84 5.65
2000 8.17 16.78 27.00 38.80 54.78 76.41 92.75 106.32 115.78 123.30
Variability o f  COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f M ^ , E(Mlnax) [kN.m]
400 71.91 71.91 71.91 71.91 71.91 71.91 71.91 71.91 71.91 71.91
800 175.83 175.83 175.83 175.83 175.83 175.83 175.83 175.83 175.83 175.83
1200 297.53 297.53 297.53 297.53 297.53 297.53 297.53 297.53 297.53 297.53
1600 447.88 447.88 447.88 447.88 447.88 447.88 447.88 447.88 447.88 447.88
2000 706.39 706.39 706.39 706.39 706.39 706.39 706.39 706.39 706.39 706.39
Variability o f  COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f  Variation o f Mmax, COV(Mmax) [%]
400 0.5376 1.0752 1.6155 2.1669 2.7387 3.3403 3.9776 4.6462 5.3493 6.1447
800 0.5783 1.1472 1.7518 2.3643 2.9680 3.5720 4.1857 4.8200 5.4892 6.2051
1200 0.5193 1.0454 1.5996 2.2241 2.8210 3.3881 3.9317 4.4830 5.0715 5.7021
1600 0.0318 0.0527 0.0201 0.0678 0.1183 0.1773 0.2972 0.5579 0.8571 1.2616
2000 1.1567 2.3750 3.8229 5.4925 7.7552 10.8168 13.1306 15.0519 16.3904 17.4555
Bending Moment Capacity Probability Distribution : E(MP = 894 kN.m], COV(Mp) = 20 [%]
Variability o f COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Reliability Index o f Mmax, P
400 4.598 4.598 4.598 4.598 4.598 4.597 4.597 4.597 4.597 4.596
800 4.017 4.016 4.016 4.016 4.015 4.014 4.013 4.012 4.011 4.009
1200 3.336 3.335 3.335 3.334 3.332 3.331 3.329 3.327 3.324 3.321
1600 2.495 2.495 2.495 2.495 2.495 2.495 2.495 2.495 2.495 2.494
2000 1.048 1.045 1.038 1.025 1.003 0.965 0.931 0.902 0.881 0.864
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Table C. 7 COV(Mmax) vs. COV(b) for 3x3 long pile group of length L=10T, pile
spacing=5D, free head subjected to lateral force of discrete variability
Variability o f COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation o f Mmax, SD(Mmax) [kN.m]
400 0.62 1.23 1.84 2.45 3.07 3.70 4.35 5.04 5.69 6.33
800 1.42 2.82 4.29 5.74 7.13 8.44 9.75 11.02 12.25 13.46
1200 2.04 4.07 6.19 8.53 11.44 14.94 19.15 24.15 30.21 38.03
1600 8.28 17.45 27.05 37.60 49.55 64.77 81.96 105.35 133.96 148.11
2000 32.46 68.51 113.73 146.05 166.68 181.55 192.93 202.10 215.15 226.77
Variability o f  COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Mean(Expected) Value o f Mmav, E(M max) [kN.m]
400 71.91 71.91 71.91 71.91 71.91 71.91 71.91 71.91 71.91 71.91
800 175.83 175.83 175.83 175.83 175.83 175.83 175.83 175.83 175.83 175.83
1200 297.53 297.53 297.53 297.53 297.53 297.53 297.53 297.53 297.53 297.53
1600 447.88 447.88 447.88 447.88 447.88 447.88 447.88 447.88 447.88 447.88
2000 706.39 706.39 706.39 706.39 706.39 706.39 706.39 706.39 706.39 706.39
Variability o f COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Coefficient o f  Variation o f Mmax, COV(Mmax) [%]
400 0.8587 1.7104 2.5555 3.4037 4.2657 5.1514 6.0520 7.0111 7.9111 8.7959
800 0.8077 1.6021 2.4411 3.2625 4.0555 4.8028 5.5426 6.2679 6.9644 7.6544
1200 0.6868 1.3686 2.0795 2.8659 3.8439 5.0204 6.4376 8.1168 10.1527 12.7819
1600 1.8485 3.8971 6.0390 8.3960 11.0623 14.4624 18.3006 23.5219 29.9090 33.0701
2000 4.5949 9.6987 16.0998 20.6763 23.5968 25.7014 27.3117 28.6101 30.4582 32.1032
Bending Moment Capacity Probability Distribution : E(MP) = 894 [kN.m], COV(Mp) = 20 [% ]
Variability o f  COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Reliability Index o f Mniax P
400 4.598 4.598 4.598 4.597 4.597 4.597 4.596 4.596 4.595 4.595
800 4.016 4.016 4.015 4.015 4.013 4.012 4.011 4.009 4.007 4.005
1200 3.336 3.335 3.334 3.332 3.329 3.324 3.317 3.306 3.289 3.263
1600 2.492 2.483 2.467 2.442 2.404 2.346 2.268 2.150 1.997 1.921
2000 1.032 0.980 0.885 0.813 0.768 0.736 0.713 0.695 0.671 0.650
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Table C. 8 COV(Mmax) vs. COV(s5o) for 3x3 long pile group of length L=10T, pile
spacing=5D, free head subjected to lateral force of discrete variability
Variability o f COV(e5o) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation o f M ^ , SD(Mmax) [kN.m]
400 0.39 0.77 1.16 1.56 1.97 2.40 2.86 3.34 3.85 4.42
800 1.02 2.02 3.08 4.16 5.22 6.28 7.36 8.48 9.65 10.91
1200 1.55 3.11 4.76 6.62 8.39 10.08 11.70 13.34 15.09 16.97
1600 0.14 0.23 0.09 0.30 0.53 0.79 1.33 2.49 3.83 5.65
2000 8.17 16.77 27.00 38.79 54.78 76.41 92.75 106.34 115.77 123.30
Variability o f COV(e50) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f Mmx, E(Mmax) [kN.m]
400 71.91 71.91 71.91 71.91 71.91 71.91 71.91 71.91 71.91 71.91
800 175.83 175.83 175.83 175.83 175.83 175.83 175.83 175.83 175.83 175.83
1200 297.53 297.53 297.53 297.53 297.53 297.53 297.53 297.53 297.53 297.53
1600 447.88 447.88 447.88 447.88 447.88 447.88 447.88 447.88 447.88 447.88
2000 706.39 706.39 706.39 706.39 706.39 706.39 706.39 706.39 706.39 706.39
Variability o f  COV(s50) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f Variation o f M ^ , COV(Mmax) [%]
400 0.5379 1.0757 1.6164 2.1681 2.7401 3.3420 3.9797 4.6485 5.3520 6.1477
800 0.5783 1.1475 1.7522 2.3654 2.9692 3.5733 4.1876 4.8218 5.4907 6.2067
1200 0.5195 1.0456 1.5999 2.2246 2.8215 3.3889 3.9323 4.4838 5.0725 5.7032
1600 0.0317 0.0520 0.0198 0.0669 0.1179 0.1768 0.2965 0.5570 0.8562 1.2614
2000 1.1563 2.3747 3.8227 5.4920 7.7546 10.8165 13.1305 15.0540 16.3895 17.4548
Bending Moment Capacity Probability Distribution : E(MP) = 894 [kN.m], COV(Mp) = 20 [%1
Variability o f COV(e50) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Reliability Index o f Mmax> P
400 4.598 4.598 4.598 4.598 4.598 4.597 4.597 4.597 4.597 4.596
800 4.017 4.016 4.016 4.015 4.015 4.014 4.013 4.012 4.011 4.009
1200 3.336 3.335 3.335 3.334 3.332 3.331 3.329 3.327 3.324 3.321
1600 2.495 2.495 2.495 2.495 2.495 2.495 2.495 2.495 2.495 2.494
2000 1.048 1.045 1.038 1.025 1.003 0.965 0.931 0.902 0.881 0.864
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Table C. 9 COV(Mmax) vs. COV(c) for 3x3 long pile group of length L=10T, pile
spacing=5D, free head subjected to lateral force of discrete variability
Variability of COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation o f Mmax SDCMmax) [kN.m]
400 1.10 2.23 3.49 4.87 6.26 7.63 8.95 10.41 11.82 13.13
800 2.88 5.84 8.71 11.58 14.47 17.62 20.51 23.46 26.99 30.52
1200 4.30 9.17 13.94 19.00 24.00 29.26 35.35 42.08 49.88 58.07
1600 10.76 22.30 34.81 47.57 61.52 75.62 92.61 112.47 136.11 165.17
2000 32.25 66.49 104.64 149.71 184.91 211.39 234.02 253.64 272.62 290.95
Variability o f COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f Mmax, E(Mmax) [kN.m]
400 71.91 71.91 71.91 71.91 71.91 71.91 71.91 71.91 71.91 71.91
800 175.83 175.83 175.83 175.83 175.83 175.83 175.83 175.83 175.83 175.83
1200 297.53 297.53 297.53 297.53 297.53 297.53 297.53 297.53 297.53 297.53
1600 447.88 447.88 447.88 447.88 447.88 447.88 447.88 447.88 447.88 447.88
2000 706.39 706.39 706.39 706.39 706.39 706.39 706.39 706.39 706.39 706.39
Variability o f  COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f Variation o f COV(Mmax) [%]
400 1.5310 3.0960 4.8464 6.7734 8.7056 10.6084 12.4471 14.4804 16.4349 18.2532
800 1.6355 3.3232 4.9525 6.5877 8.2321 10.0191 11.6666 13.3420 15.3469 17.3557
1200 1.4450 3.0819 4.6850 6.3859 8.0661 9.8361 11.8821 14.1440 16.7656 19.5160
1600 2.4034 4.9782 7.7729 10.6217 13.7358 16.8839 20.6785 25.1118 30.3892 36.8789
2000 4.5659 9.4130 14.8134 21.1935 26.1763 29.9260 33.1290 35.9073 38.5932 41.1888
Bending Moment Capacity Probability Distribution : E(MP) = 894 [kN.m], COV(Mp) = 20 [% ]
Variability o f  CO V(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Reliability Index o f MmaXi P
400 4.598 4.597 4.597 4.596 4.595 4.594 4.592 4.590 4.588 4.585
800 4.016 4.014 4.012 4.008 4.003 3.997 3.990 3.982 3.972 3.959
1200 3.335 3.332 3.326 3.317 3.306 3.292 3.273 3.247 3.213 3.173
1600 2.491 2.476 2.449 2.411 2.359 2.298 2.216 2.112 1.985 1.833
2000 1.033 0.983 0.906 0.805 0.729 0.678 0.637 0.605 0.575 0.549
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Table C. 10 COV(Mmax) vs. COV(y) for 3x3 long pile group of length L=10T, pile
spacing=5D, free head subjected to lateral force of discrete variability
Variability o f COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Standard Deviation o f SD(Mmax) [kN.m]
400 0.12 0.24 0.35 0.47 0.60 0.75 0.90 1.05 1.20 1.35
800 0.48 0.93 1.44 1.98 2.49 2.98 3.45 3.91 4.38 4.85
1200 0.80 1.60 2.44 3.42 4.41 5.41 6.38 7.31 8.31 9.39
1600 2.57 5.17 7.83 10.50 13.24 16.17 19.42 22.70 25.96 29.24
2000 8.89 18.83 28.90 39.94 51.12 62.05 75.28 92.06 111.71 136.99
Variability o f COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Mean(Expected) Value o f M ,* , E(Mmax) [kN.m]
400 71.91 71.91 71.91 71.91 71.91 71.91 71.91 71.91 71.91 71.91
800 175.83 175.83 175.83 175.83 175.83 175.83 175.83 175.83 175.83 175.83
1200 297.53 297.53 297.53 297.53 297.53 297.53 297.53 297.53 297.53 297.53
1600 447.88 447.88 447.88 447.88 447.88 447.88 447.88 447.88 447.88 447.88
2000 706.39 706.39 706.39 706.39 706.39 706.39 706.39 706.39 706.39 706.39
Variability o f COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f Variation o f Mmax, COV(Mmax) [% ]
400 0.1649 0.3284 0.4926 0.6583 0.8367 1.0382 1.2557 1.4669 1.6747 1.8751
800 0.2752 0.5313 0.8191 1.1235 1.4145 1.6932 1.9610 2.2221 2.4931 2.7584
1200 0.2676 0.5362 0.8205 1.1498 1.4827 1.8197 2.1431 2.4565 2.7936 3.1568
1600 0.5735 1.1545 1.7481 2.3436 2.9556 3.6102 4.3353 5.0689 5.7972 6.5276
2000 1.2584 2.6658 4.0914 5.6537 7.2370 8.7847 10.6571 13.0322 15.8148 19.3934
Bending Moment Capacity Probability Distribution : E(MP = 894 [kN.m], COV(Mp) = 20 [%]
Variability o f COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Reliability Index o f Mmax> p
400 4.598 4.598 4.598 4.598 4.598 4.598 4.598 4.598 4.598 4.598
800 4.017 4.017 4.016 4.016 4.016 4.016 4.016 4.016 4.015 4.015
1200 3.336 3.336 3.336 3.335 3.335 3.334 3.334 3.333 3.332 3.331
1600 2.495 2.494 2.493 2.491 2.488 2.485 2.481 2.475 2.469 2.462
2000 1.048 1.044 1.036 1.024 1.009 0.991 0.967 0.933 0.890 0.833
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APPENDIX D. Typical results of the reliability analysis for a 
3x3 pile group embedded in the soft clay below water table, 
subjected to cyclic lateral concentrated force Pg applied to the pile 
cap, with the piles members fixed to the pile cap, pile spacing s= 
5D, pile length L=10T=23.5m
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Figure D. 1 Variability of yx vs. E l for pile group fixed head long pile of length 10T 
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Figure D. 2 Variability of yx vs. b for pile group fixed head long pile of length 10T 
subjected to lateral force, when COV(b) = 40%
225
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
0.022









0.012 0.018 0.02 0.024 0.026 0.0280.014 0.016 0.022
s50
Figure D. 3 Variability of V t v s . S50 for pile group fixed head long pile of length 10T 
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Figure D. 4 Variability of yx vs. c for pile group fixed head long pile of length 10T 
subjected to lateral force, when COV(c) = 40%
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Figure D. 5 Variability of yx vs. y for pile group fixed head long pile of length 10T 
subjected to lateral force, when COV(y ) = 40%
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D.1.2 COV(yT) vs. COV(VariabIes)
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Figure D. 6  Variability of COV(yx) vs. COV(EI) for pile group fixed head long pile of 
length 1 0 T subjected to lateral force of discrete variability.
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Figure D. 7 Variability of COV(yx) vs. COV(b) for pile group fixed head long pile of 
length 1 0 T subjected to lateral force of discrete variability.
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Figure D. 8  Variability of COV(yx) vs. COV(sso) for pile group fixed head long pile 
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Figure D. 9 Variability of COV(yx) vs. COV(c) for pile group fixed head long pile of 
length 10T subjected to lateral force of discrete variability.
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Figure D. 10 Variability of COV(yT) vs. COV(y) for pile group fixed head long pile of 
length 1 0 T subjected to lateral force of discrete variability.
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Figure D. 11 Variability of COV(yx) vs. COV(Variables) for pile group fixed head 
long pile of length 10T subjected to lateral force, P =  1200kN
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Figure D. 12 COV(yj) vs. Later Force for pile group fixed head long pile of length 
10T subjected to lateral force, when COV(Variables) = 20%
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Figure D. 13 Reliability Index, p of Top Deflection vs. COV(EI) for pile group fixed 
head long pile of length 10T subjected to lateral force of discrete variability
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Figure D. 14 Reliability Index, p of Top Deflection vs. COV(b) for pile group fixed 
head long pile of length 10T subjected to lateral force of discrete variability
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Figure D. 15 Reliability Index, p of Top Deflection vs. COV(e5o) for pile group fixed 
head long pile of length 10T subjected to lateral force of discrete variability
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Figure D. 16 Reliability Index, P of Top Deflection vs. COV(c) for pile group fixed 
head long pile of length 10T subjected to lateral force of discrete variability
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Figure D. 17 Reliability Index, p of Top Deflection vs. COV(y) for pile group fixed 
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Figure D. 18 Reliability Index, p of Top Deflection vs. COV(Variables) for pile group 
fixed head long pile of length 10T subjected to lateral force, P = 1600kN
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D.1.4 Calculation tables of top deflection
Table D. 1 COV(Ytop) vs. COV(EI) for 3x3 long pile group of length L=10T, pile 
spacing=5D, fixed head subjected to lateral force of discrete variability
Variability o f COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation o f Ytop, SD(Ytop) [m]
400 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001
800 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.002 0.002 0.002
1200 0.000 0.001 0.001 0.002 0.002 0.002 0.003 0.003 0.004 0.004
1600 0.001 0.001 0.002 0.003 0.003 0.004 0.005 0.006 0.007 0.008
2000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.009 0.010 0.011
2400 0.001 0.003 0.004 0.006 0.007 0.009 0.010 0.012 0.014 0.016
Variability o f COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f Ytop, E(Ytop) [m]
400 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
800 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009
1200 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018
1600 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030
2000 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045
2400 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063
Variability o f COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient of Variation o f Ytop, COV(Ytop) [%]
400 2.161 4.339 6.551 8.813 11.142 13.553 16.071 18.723 21.543 24.559
800 2.231 4.467 6.722 9.012 11.356 13.777 16.301 18.956 21.780 24.814
1200 2.193 4.403 6.650 8.958 11.341 13.811 16.385 19.072 21.897 24.905
1600 2.212 4.438 6.688 8.983 11.345 13.797 16.355 19.044 21.886 24.898
2000 2.219 4.444 6.690 8.983 11.338 13.781 16.332 19.014 21.852 24.861
2400 2.208 4.426 6.671 8.962 11.325 13.772 16.322 19.102 22.126 25.554
Top Deflection Capacity Probability Distribution : E(Yauow) =  0.100 [m ], COV(YaUow) =  20 [%], p>2
Variability o f  COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Reliability Index o f Ytop P
400 4.879 4.879 4.879 4.879 4.879 4.879 4.879 4.878 4.878 4.877
800 4.575 4.574 4.573 4.571 4.569 4.567 4.564 4.560 4.555 4.550
1200 4.109 4.107 4.103 4.097 4.089 4.079 4.067 4.052 4.034 4.013
1600 3.492 3.486 3.476 3.462 3.444 3.421 3392 3.358 3.318 3.271
2000 2.729 2.719 2.702 2.678 2.647 2.608 2.563 2.509 2.448 2.380
2400 1.825 1.812 1.790 1.760 1.722 1.677 1.625 1.565 1.498 1.422
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Table D. 2 COV(Yt0p) vs. COV(b) for 3x3 long pile group of length L=10T, pile
spacing=5D, fixed head subjected to lateral force of discrete variability
Variability o f COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Standard Deviation o f Ytop, SD (Y,„P) [m]
400 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001
800 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.002 0.002
1200 0.000 0.001 0.001 0.001 0.002 0.002 0.003 0.003 0.003 0.004
1600 0.001 0.001 0.002 0.002 0.003 0.004 0.004 0.005 0.006 0.007
2000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.010 0.013
2400 0.001 0.003 0.004 0.006 0.008 0.010 0.013 0.017 0.022 0.029
Variability o f COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f  Ytop, E(Ytop) [m]
400 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
800 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009
1200 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018
1600 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030
2000 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045
2400 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063
Variability o f  COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient of Variation o f Ytop, COV(Ytop) [%]
400 1.913 3.815 5.742 7.695 9.666 11.665 13.839 16.093 18.427 21.058
800 1.853 3.697 5.602 7.590 9.624 11.706 14.008 16.367 18.805 21.597
1200 1.955 3.879 5.838 7.856 9.917 12.035 14.416 16.907 19.492 22.444
1600 1.986 3.942 5.960 8.071 10.244 12.466 14.909 17.463 20.165 23.292
2000 2.030 4.043 6.120 8.306 10.548 12.820 15.335 18.371 22.424 28.122
2400 2.092 4.155 6.298 8.937 12.098 15.848 20.822 27.089 34.934 45.729
Top Deflection Capacity Probability Distribution : E(Yau„w) =  0.100 [m , COV(Yall0W) =  20 [%], P>2
Variability o f  CO V(b) [%] 4% 8% 12% 16% 20% 24% 28% | 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Reliability Index o f Ytop, P
400 4.879 4.879 4.879 4.879 4.879 4.879 4.879 4.879 4.878 4.878
800 4.575 4.574 4.573 4.572 4.571 4.569 4.567 4.564 4.560 4.556
1200 4.109 4.108 4.105 4.100 4.094 4.087 4.077 4.064 4.050 4.030
1600 3.492 3.488 3.480 3.468 3.453 3.434 3.409 3.379 3.343 3.297
2000 2.730 2.721 2.707 2.685 2.658 2.624 2.581 2.522 2.436 2.304
2400 1.826 1.814 1.794 1.760 1.708 1.635 1.527 1.388 1.226 1.039
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Table D. 3 COV(Ytop) vs. COV(eso) for 3x3 long pile group of length L=10T, pile
spacing=5D, fixed head subjected to lateral force of discrete variability
Variability o f COV(ej0) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Standard Deviation o f Ytop, SD(Ytop) [m]
400 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
800 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001
1200 0.000 0.001 0.001 0.001 0.001 0.002 0.002 0.002 0.003 0.003
1600 0.000 0.001 0.002 0.002 0.003 0.003 0.004 0.004 0.005 0.005
2000 0.001 0.002 0.002 0.003 0.004 0.005 0.005 0.006 0.007 0.008
2400 0.001 0.002 0.003 0.004 0.005 0.006 0.008 0.009 0.010 0.011
Variability o f COV(850) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Mean(Expected) Value o f Ytop, E(Ytop) [m]
400 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
800 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009
1200 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018
1600 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030
2000 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045
2400 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063
Variability o f COV(e5o) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f Variation o f Ytop, COV(Ytop) [%]
400 1.659 3.316 4.973 6.628 8.287 9.954 11.631 13.322 15.026 16.759
800 1.615 3.242 4.884 6.542 8.218 9.911 11.619 13.343 15.080 16.837
1200 1.669 3.337 5.003 6.661 8.317 9.982 11.665 13.381 15.130 16.913
1600 1.658 3.320 4.989 6.666 8.347 10.035 11.741 13.465 15.219 17.016
2000 1.659 3.328 5.010 6.695 8.392 10.098 11.818 13.555 15.319 17.124
2400 1.676 3.357 5.045 6.739 8.433 10.142 11.857 13.509 15.124 16.684
Top Deflection Capacity Probability Distribution : E(YaIl0W) = 0.100 [m , COV(Yallow) = 20 [%], P>2
Variability o f COV(e50) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Reliability Index o fY top< p
400 4.879 4.879 4.879 4.879 4.879 4.879 4.879 4.879 4.879 4.878
800 4.575 4.574 4.574 4.573 4.572 4.571 4.569 4.567 4.565 4.563
1200 4.110 4.108 4.106 4.103 4.099 4.094 4.088 4.081 4.073 4.064
1600 3.493 3.489 3.484 3.476 3.466 3.454 3.440 3.424 3.405 3.384
2000 2.731 2.725 2.715 2.702 2.684 2.664 2.639 2.612 2.581 2.547
2400 1.827 1.820 1.807 1.789 1.768 1.742 1.713 1.682 1.650 1.617
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Table D. 4 COV(Ytop) vs. COV(c) for 3x3 long pile group of length L=10T, pile
spacing=5D, fixed head subjected to lateral force of discrete variability
Variability o f COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation o f Ytop, SD(Ytop) [m]
400 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.001
800 0.000 0.001 0.001 0.002 0.002 0.002 0.003 0.003 0.004 0.005
1200 0.001 0.002 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.010
1600 0.001 0.003 0.004 0.006 0.007 0.009 0.010 0.012 0.014 0.017
2000 0.002 0.004 0.006 0.008 0.011 0.013 0.016 0.019 0.022 0.026
2400 0.003 0.006 0.009 0.012 0.015 0.019 0.024 0.029 0.036 0.044
Variability o f COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f Ytop, E(Ytop) [m]
400 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
800 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009
1200 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018
1600 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030
2000 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045
2400 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063
Variability o f  COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f  Variation o f Ytop, COV(Ytop) [%]
400 4.476 8.934 13.455 18.132 23.002 28.114 33.505 39.316 45.714 52.684
800 4.387 8.883 13.502 18.234 23.066 28.176 33.747 39.690 46.180 53.398
1200 4.519 9.004 13.570 18.354 23.345 28.545 34.204 40.273 46.880 54.259
1600 4.514 9.080 13.756 18.544 23.537 28.877 34.591 40.772 47.535 55.025
2000 4.548 9.171 13.893 18.714 23.790 29.177 34.956 41.252 48.091 56.236
2400 4.595 9.243 14.000 18.902 24.414 30.577 37.717 46.072 56.172 68.664
Top Deflection Capacity Probability Distribution E(Yallow) = 0.100 [m ], COV(Yallow) = 20 [% ], p>2
Variability o f  COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Reliability Index o f Yt0Pi P
400 4.879 4.879 4.879 4.878 4.878 4.877 4.875 4.874 4.872 4.870
800 4.574 4.572 4.567 4.561 4.553 4.542 4.528 4.511 4.489 4.461
1200 4.107 4.097 4.080 4.056 4.024 3.984 3.932 3.869 3.793 3.701
1600 3.486 3.461 3.421 3.365 3.293 3.204 3.098 2.977 2.841 2.690
2000 2.718 2.675 2.606 2.515 2.405 2.279 2.141 1.996 1.847 1.686
2400 1.811 1.756 1.672 1.570 1.447 1.314 1.174 1.034 0.896 0.764
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Table D. 5 COV(Yt0p) vs. COV(y) for 3x3 long pile group of length L=10T, pile
spacing=5D, fixed head subjected to lateral force of discrete variability
Variability o f COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation o f Ytop, SD(Y,oP) [m]
400 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
800 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.001 0.001
1200 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.002 0.002 0.002
1600 0.000 0.001 0.001 0.001 0.002 0.002 0.002 0.003 0.003 0.003
2000 0.000 0.001 0.001 0.002 0.002 0.003 0.003 0.004 0.004 0.005
2400 0.001 0.001 0.002 0.003 0.003 0.004 0.004 0.005 0.006 0.007
Variability o f  COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f Ytop, E(Ytop) [m]
400 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002
800 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009 0.009
1200 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018
1600 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030
2000 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045
2400 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063 0.063
Variability o f  COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient of Variation o f Ytop, COV(Ytop) [%]
400 1.084 2.171 3.271 4.350 5.415 6.482 7.564 8.657 9.765 10.893
800 1.062 2.136 3.249 4.344 5.425 6.520 7.661 8.819 9.992 11.193
1200 1.066 2.143 3.267 4.362 5.431 6.501 7.620 8.749 9.890 11.062
1600 1.027 2.066 3.157 4.217 5.252 6.296 7.401 8.521 9.657 10.834
2000 0.995 2.004 3.070 4.107 5.119 6.136 7.221 8.323 9.441 10.602
2400 0.975 1.963 3.010 4.024 5.010 6.004 7.070 8.147 9.237 10.374
Top Deflection Capacity Probability Distribution : E(Yall0W) =  0.100 [m], COV(Yallovv) =  20 [% ], p>2
Variability o f  COV(y) [%] 4% 8% 12% I 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Reliability Index o f Ytop, P
400 4.879 4.879 4.879 4.879 4.879 4.879 4.879 4.879 4.879 4.879
800 4.575 4.575 4.574 4.574 4.574 4.573 4.572 4.572 4.571 4.570
1200 4.110 4.109 4.108 4.107 4.105 4.103 4.101 4.098 4.094 4.090
1600 3.493 3.492 3.490 3.487 3.483 3.478 3.472 3.465 3.457 3.448
2000 2.732 2.730 2.726 2.721 2.714 2.706 2.697 2.685 2.672 2.657
2400 1.829 1.826 1.821 1.815 1.807 1.797 1.785 1.772 1.756 1.738
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Figure D. 19 Variability of Mmax vs. E l for pile group fixed head long pile of length 
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Figure D. 20 Variability of Mmax vs. b for pile group fixed head long pile of length 
10T subjected to lateral force, when COV(EI) = 40%
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Figure D. 21 Variability of Mmax vs. S50 for pile group fixed head long pile of length 









5  300 X,
280
260
14 16 18 20 22 24 26 30 32 34
c [kPa]
Figure D. 22 Variability of Mmax vs. c for pile group fixed head long pile of length 
10T subjected to lateral force, when COV(EI) = 40%
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Figure D. 23 Variability of Mmax vs. y for pile group fixed head long pile of length 
10T subjected to lateral force, when COV(EI) = 40%
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D.2.2 COV(Mmax) vs. COV(Variables)
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Figure D. 24 Variability of COV(Mmax) vs. COV(EI) for pile group fixed head long 
pile of length 10T subjected to lateral force of discrete variability
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Figure D. 25 Variability of COV(Mmax) vs. COV(b) for pile group fixed head long 
pile of length 10T subjected to lateral force of discrete variability
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Figure D. 26 Variability of COV(Mmax) vs. COVfeo) for pile group fixed head long 
pile of length 10T subjected to lateral force of discrete variability
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Figure D. 27 Variability of COV(Mmax) vs. COV(c) for pile group fixed head long pile 
of length 10T subjected to lateral force of discrete variability
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Figure D. 28 Variability of COV(Mmax) vs. COV(y) for pile group fixed head long pile 
of length 10T subjected to lateral force of discrete variability
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Figure D. 29 Variability of COV(Mmax ) vs. COV(Variables) for pile group fixed head 
long pile of length 10T subjected to lateral force, P = 1200kN
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Figure D. 30 COV(Mmax) vs. Later Force for pile group fixed head long pile of length 
10T subjected to lateral force, when COV(Variables) = 20%
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Figure D. 31 Reliability Index, (3 of Bending Moment vs. COV(EI) for pile group 








Figure D. 32 Reliability Index, p of Bending Moment vs. COV(b) for pile group fixed 
head long pile of length 10T subjected to lateral force of discrete variability
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Figure D. 33 Reliability Index, p of Bending Moment vs. COV(sso) for pile group 
fixed head long pile of length 10T subjected to lateral force of discrete variability
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Figure D. 34 Reliability Index, p of Bending Moment vs. COV(c) for pile group fixed 
head long pile of length 10T subjected to lateral force of discrete variability
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Figure D. 35 Reliability Index, p of Bending Moment vs. COV(y) for pile group fixed
head long pile of length 10T subjected to lateral force of discrete variability
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Figure D. 36 Reliability Index, p of Bending Moment vs. COV(Variables) for pile 
group fixed head long pile of length 10T subjected to lateral force, P = 1200kN
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D.2.4 Calculation tables of bending moment
Table D. 6 COV(Mmax) vs. COV(EI) for 3x3 long pile group of length L=10T, pile 
spacing=5D, fixed head subjected to lateral force of discrete variability
Variability o f  COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value of Standard Deviation o f M ^ , SD(M max) [kN.m]
400 0.36 0.72 1.08 1.44 1.81 2.19 2.59 3.01 3.45 3.89
800 0.86 1.75 2.68 3.62 4.56 5.52 6.49 7.49 8.53 9.62
1200 1.52 3.06 4.61 6.21 7.82 9.37 10.92 12.55 14.28 16.09
1600 2.13 4.29 6.49 8.79 11.22 13.73 16.24 18.63 21.03 23.53
2000 2.83 5.72 8.74 11.91 15.13 18.42 21.74 24.92 28.12 31.45
2400 3.63 7.32 11.09 15.06 19.29 23.51 27.51 31.12 34.55 37.60
Variability o f COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Mean(Expected) Value o f M,naxj E(Mmax) [kN.m]
400 72.20 72.20 72.20 72.20 72.20 72.20 72.20 72.20 72.20 72.20
800 176.89 176.89 176.89 176.89 176.89 176.89 176.89 176.89 176.89 176.89
1200 298.72 298.72 298.72 298.72 298.72 298.72 298.72 298.72 298.72 298.72
1600 432.55 432.55 432.55 432.55 432.55 432.55 432.55 432.55 432.55 432.55
2000 576.35 576.35 576.35 576.35 576.35 576.35 576.35 576.35 576.35 576.35
2400 728.86 728.86 728.86 728.86 728.86 728.86 728.86 728.86 728.86 728.86
Variability o f  CO V(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f Variation o f M^x, COV(Mmax) [%]
400 0.4962 0.9931 1.4912 1.9932 2.5042 3.0313 3.5826 4.1647 4.7761 5.3884
800 0.4855 0.9875 1.5127 2.0463 2.5803 3.1190 3.6677 4.2320 4.8216 5.4391
1200 0.5101 1.0234 1.5439 2.0782 2.6174 3.1376 3.6571 4.2013 4.7812 5.3847
1600 0.4930 0.9916 1.5015 2.0331 2.5938 3.1746 3.7536 4.3067 4.8608 5.4387
2000 0.4906 0.9933 1.5168 2.0662 2.6244 3.1962 3.7725 4.3245 4.8783 5.4560
2400 0.4987 1.0036 1.5220 2.0659 2.6464 3.2260 3.7748 4.2692 4.7404 5.1582
Bending Moment Capacity Probability Distribution : E(MP) = 894 [kN.m], COV(Mp) = 20 % ]
Variability o f COV(EI) [%] 4% 8% 12% 16% 20% 24% 28% 32% | 36% 40%
Lateral Force [KN] Numerical Value o f Reliability Index o f P
400 4.596 4.596 4.596 4.596 4.596 4.596 4.596 4.596 4.595 4.595
800 4.011 4.011 4.010 4.010 4.009 4.009 4.008 4.007 4.006 4.005
1200 3.329 3.329 3.328 3.327 3.326 3.325 3.323 3.321 3.319 3.316
1600 2.581 2.580 2.579 2.578 2.576 2.573 2.570 2.567 2.563 2.559
2000 1.776 1.776 1.774 1.773 1.770 1.767 1.764 1.760 1.755 1.750
2400 0.923 0.923 0.922 0.920 0.918 0.916 0.913 0.910 0.907 0.904
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Table D. 7 COV(Mmax) vs. COV(b) for 3x3 long pile group of length L=10T, pile
spacing=5D, fixed head subjected to lateral force of discrete variability
Variability o f  COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Standard Deviation o f M ,^ , SD(Mmax) [kN.m]
400 0.54 1.09 1.63 2.17 2.73 3.31 3.91 4.51 5.11 5.74
800 1.20 2.45 3.76 5.06 6.34 7.63 8.98 10.31 11.69 13.30
1200 2.04 4.07 6.12 8.22 10.46 12.71 14.99 17.24 19.48 22.05
1600 2.81 5.64 8.70 11.87 14.99 18.13 21.39 24.76 28.36 32.07
2000 3.69 7.54 11.69 15.80 19.90 24.03 28.44 34.39 42.16 52.75
2400 4.72 9.50 14.84 21.84 30.35 40.10 53.14 67.98 86.05 108.51
Variability o f COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean Expected) Value o f M m , E(Mmax) [kN.m]
400 72.20 72.20 72.20 72.20 72.20 72.20 72.20 72.20 72.20 72.20
800 176.89 176.89 176.89 176.89 176.89 176.89 176.89 176.89 176.89 176.89
1200 298.72 298.72 298.72 298.72 298.72 298.72 298.72 298.72 298.72 298.72
1600 432.55 432.55 432.55 432.55 432.55 432.55 432.55 432.55 432.55 432.55
2000 576.35 576.35 576.35 576.35 576.35 576.35 576.35 576.35 576.35 576.35
2400 728.86 728.86 728.86 728.86 728.86 728.86 728.86 728.86 728.86 728.86
Variability o f COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f  Variation o f Mmax, COV(Mmax) [%]
400 0.7535 1.5057 2.2563 3.0078 3.7756 4.5784 5.4217 6.2525 7.0801 7.9457
800 0.6795 1.3855 2.1243 2.8578 3.5859 4.3151 5.0746 5.8272 6.6068 7.5208
1200 0.6829 1.3627 2.0475 2.7524 3.5018 4.2558 5.0166 5.7718 6.5207 7.3810
1600 0.6485 1.3028 2.0114 2.7449 3.4656 4.1918 4.9457 5.7239 6.5566 7.4137
2000 0.6404 1.3075 2.0283 2.7407 3.4536 4.1691 4.9341 5.9666 7.3156 9.1529
2400 0.6470 1.3034 2.0365 2.9971 4.1638 5.5021 7.2904 9.3271 11.8057 14.8883
Bending Moment Capacity Probability Distribution : E(MP) =  894 [kN.m], COV(Mp) =  20 [%]
Variability o f  COV(b) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Reliability Index o f Mm„ . P
400 4.596 4.596 4.596 4.596 4.596 4.595 4.595 4.595 4.594 4.594
800 4.011 4.010 4.010 4.009 4.008 4.007 4.006 4.004 4.002 4.000
1200 3.329 3.328 3.327 3.326 3.324 3.321 3.318 3.314 3.310 3.304
1600 2.580 2.580 2.578 2.575 2.572 2.568 2.563 2.556 2.549 2.540
2000 1.776 1.775 1.773 1.770 1.766 1.761 1.755 1.745 1.729 1.704
2400 0.923 0.922 0.920 0.917 0.911 0.901 0.885 0.863 0.832 0.790
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Table D. 8 COV(Mmax) vs. COV(8so) for 3x3 long pile group of length L=10T, pile
spacing=5D, fixed head subjected to lateral force of discrete variability
Variability o f COV(e5o) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation o f Mmax, SD(Mmax) [kN.m]
400 0.42 0.84 1.27 1.69 2.12 2.57 3.03 3.52 4.03 4.53
800 0.99 2.00 3.06 4.13 5.20 6.28 7.38 8.51 9.69 10.91
1200 1.71 3.44 5.19 6.98 8.78 10.52 12.26 14.09 16.03 18.03
1600 2.39 4.80 7.26 9.83 12.52 15.29 18.04 20.68 23.33 26.10
2000 3.15 6.36 9.71 13.20 16.74 20.37 24.00 27.49 31.00 34.66
2400 4.02 8.08 12.25 16.62 21.25 25.84 30.15 34.01 37.67 41.08
Variability o f COV(e50) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f M,naxs E(Mmav) [kN.m]
400 72.20 72.20 72.20 72.20 72.20 72.20 72.20 72.20 72.20 72.20
800 176.89 176.89 176.89 176.89 176.89 176.89 176.89 176.89 176.89 176.89
1200 298.72 298.72 298.72 298.72 298.72 298.72 298.72 298.72 298.72 298.72
1600 432.55 432.55 432.55 432.55 432.55 432.55 432.55 432.55 432.55 432.55
2000 576.35 576.35 576.35 576.35 576.35 576.35 576.35 576.35 576.35 576.35
2400 728.86 728.86 728.86 728.86 728.86 728.86 728.86 728.86 728.86 728.86
Variability o f  COV(s50) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f  Variation o f M»  COVCM^) [% ]
400 0.5832 1.1670 1.7522 2.3414 2.9407 3.5577 4.2007 4.8762 5.5777 6.2743
800 0.5569 1.1314 1.7294 2.3349 2.9407 3.5517 4.1732 4.8113 5.4769 6.1661
1200 0.5740 1.1514 1.7362 2.3358 2.9377 3.5203 4.1050 4.7180 5.3660 6.0347
1600 0.5517 1.1090 1.6789 2.2719 2.8939 3.5354 4.1705 4.7804 5.3944 6.0338
2000 0.5457 1.1040 1.6844 2.2909 2.9048 3.5344 4.1637 4.7692 5.3791 6.0145
2400 0.5511 1.1088 1.6808 2.2799 2.9157 3.5453 4.1364 4.6666 5.1678 5.6357
Bending Moment Capacity Probability Distribution : E(M P) =  894 [kN.m], COV(Mp) =  20 [%]
Variability o f  COV(e50) [%] 4% 8% 12% 16% 20% 24% 28% 32% | 36% 40%
Lateral Force [KN] Numerical Value o f  Reliability Index o f Mmax< (3
400 4.596 4.596 4.596 4.596 4.596 4.596 4.596 4.595 4.595 4.595
800 4.011 4.010 4.010 4.010 4.009 4.008 4.007 4.006 4.005 4.003
1200 3.329 3.329 3.328 3.327 3.325 3.324 3.321 3.319 3.316 3.312
1600 2.581 2.580 2.579 2.577 2.575 2.571 2.568 2.564 2.559 2.554
2000 1.776 1.775 1.774 1.772 1.769 1.765 1.761 1.756 1.750 1.744
2400 0.923 0.923 0.921 0.920 0.917 0.914 0.911 0.907 0.904 0.900
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Table D. 9 COV(Mmax) vs. COV(c) for 3x3 long pile group of length L=10T, pile
spacing=5D, fixed head subjected to lateral force of discrete variability
Variability o f COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation o f M ^ , SD(Mmax) [kN.m]
400 1.16 2.32 3.56 4.82 6.07 7.31 8.56 9.94 11.34 12.75
800 2.78 5.65 8.51 11.38 14.35 17.46 20.51 23.62 27.08 30.55
1200 4.68 9.43 14.28 19.06 23.86 28.92 34.29 39.67 45.40 51.16
1600 6.55 13.60 20.69 27.40 34.53 41.81 49.18 57.41 65.42 74.10
2000 8.76 18.12 27.46 36.38 46.00 55.50 65.78 76.41 87.26 99.65
2400 11.05 23.02 34.64 45.99 59.62 74.08 91.15 109.07 130.03 154.08
Variability o f COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Mean(Expected) Value o f  M ^ , E(Mmax) [kN.m]
400 72.20 72.20 72.20 72.20 72.20 72.20 72.20 72.20 72.20 72.20
800 176.89 176.89 176.89 176.89 176.89 176.89 176.89 176.89 176.89 176.89
1200 298.72 298.72 298.72 298.72 298.72 298.72 298.72 298.72 298.72 298.72
1600 432.55 432.55 432.55 432.55 432.55 432.55 432.55 432.55 432.55 432.55
2000 576.35 576.35 576.35 576.35 576.35 576.35 576.35 576.35 576.35 576.35
2400 728.86 728.86 728.86 728.86 728.86 728.86 728.86 728.86 728.86 728.86
Variability o f COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Coefficient o f Variation o f M ^ , COV(Mmax [% ]
400 1.6055 3.2158 4.9351 6.6735 8.4126 10.1221 11.8557 13.7747 15.7027 17.6662
800 1.5702 3.1966 4.8086 6.4322 8.1111 9.8718 11.5975 13.3521 15.3098 17.2695
1200 1.5660 3.1552 4.7801 6.3809 7.9876 9.6801 11.4797 13.2787 15.1984 17.1260
1600 1.5135 3.1447 4.7837 6.3339 7.9835 9.6667 11.3703 13.2728 15.1253 17.1307
2000 1.5197 3.1433 4.7640 6.3128 7.9817 9.6301 11.4133 13.2571 15.1394 17.2903
2400 1.5155 3.1586 4.7530 6.3101 8.1793 10.1639 12.5066 14.9645 17.8404 21.1406
Bending Moment Capacity Probability Distribution : E(MP) = 894 [kN.m], COV(Mp) =  20 [%]
Variability o f  COV(c) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Reliability Index o f Mmax> p
400 4.596 4.596 4.595 4.595 4.594 4.592 4.591 4.589 4.587 4.585
800 4.010 4.009 4.006 4.003 3.998 3.992 3.985 3.976 3.965 3.953
1200 3.328 3.325 3.319 3.311 3.300 3.287 3.270 3.250 3.227 3.201
1600 2.579 2.573 2.564 2.551 2.534 2.513 2.488 2.457 2.424 2.384
2000 1.774 1.768 1.756 1.741 1.721 1.697 1.667 1.634 1.597 1.552
2400 0.922 0.916 0.907 0.895 0.876 0.853 0.823 0.789 0.747 0.700
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Table D. 10 COV(Mmax) vs. COV(y) for 3x3 long pile group of length L=10T, pile
spacing=5D, fixed head subjected to lateral force of discrete variability
Variability o f  COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Standard Deviation o f Mmxj SD(Mtnax) [kN.m]
400 0.22 0.44 0.66 0.88 1.10 1.32 1.56 1.81 2.05 2.30
800 0.57 1.16 1.77 2.41 3.03 3.66 4.28 4.90 5.51 6.13
1200 1.04 2.09 3.15 4.20 5.23 6.27 7.32 8.38 9.48 10.65
1600 1.47 2.96 4.47 5.98 7.48 9.02 10.66 12.32 13.96 15.60
2000 1.95 3.92 5.96 7.99 10.02 12.11 14.32 16.51 18.67 20.85
2400 2.48 4.99 7.58 10.12 12.63 15.19 17.91 20.73 23.53 26.33
Variability o f COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Mean(Expected) Value o f  Mmax, E(Mmax) [kN.m]
400 72.20 72.20 72.20 72.20 72.20 72.20 72.20 72.20 72.20 72.20
800 176.89 176.89 176.89 176.89 176.89 176.89 176.89 176.89 176.89 176.89
1200 298.72 298.72 298.72 298.72 298.72 298.72 298.72 298.72 298.72 298.72
1600 432.55 432.55 432.55 432.55 432.55 432.55 432.55 432.55 432.55 432.55
2000 576.35 576.35 576.35 576.35 576.35 576.35 576.35 576.35 576.35 576.35
2400 728.86 728.86 728.86 728.86 728.86 728.86 728.86 728.86 728.86 728.86
Variability o f  COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f  Coefficient o f  Variation o f M ^ , COV(Mmax) [% ]
400 0.3075 0.6145 0.9195 1.2217 1.5246 1.8350 2.1608 2.5024 2.8451 3.1829
800 0.3251 0.6561 1.0030 1.3602 1.7156 2.0666 2.4180 2.7676 3.1170 3.4671
1200 0.3483 0.6983 1.0549 1.4062 1.7523 2.0982 2.4489 2.8058 3.1750 3.5647
1600 0.3408 0.6832 1.0345 1.3815 1.7285 2.0847 2.4634 2.8483 3.2271 3.6060
2000 0.3382 0.6802 1.0338 1.3856 1.7384 2.1014 2.4849 2.8643 3.2399 3.6183
2400 0.3407 0.6843 1.0397 1.3883 1.7332 2.0847 2.4579 2.8441 3.2277 3.6120
Bending Moment Capacity Probability Distribution : E(MP) = 894 [kN.m], COV(Mp) = 20 % ]
Variability o f COV(y) [%] 4% 8% 12% 16% 20% 24% 28% 32% 36% 40%
Lateral Force [KN] Numerical Value o f Reliability Index o f Mmax> P
400 4.596 4.596 4.596 4.596 4.596 4.596 4.596 4.596 4.596 4.596
800 4.011 4.011 4.011 4.010 4.010 4.010 4.010 4.009 4.009 4.008
1200 3.329 3.329 3.329 3.328 3.328 3.327 3.327 3.326 3.325 3.323
1600 2.581 2.580 2.580 2.579 2.579 2.578 2.576 2.575 2.573 2.571
2000 1.776 1.776 1.776 1.775 1.774 1.773 1.771 1.769 1.767 1.765
2400 0.924 0.923 0.923 0.922 0.921 0.920 0.919 0.917 0.916 0.914
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